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Abstract 
The release of volatile organic compounds to the atmosphere is harmful to human health and 
the environment. The printing industry is one of the highest contributors to VOC emissions in 
the UK. According to the Solvent Emissions Directive (1999), only 30 % (by weight) or less 
of solvents used in the printing industry can be released into the atmosphere as emissions; 
this is proving to be a challenge to the industry. Thus, the aim of this project is to develop and 
test a complete demonstration scale capture and regeneration system capable of reusing both, 
the adsorbent and the adsorbed VOC (in this case IPA). 
A prototype adsorber was built and tested at a lithographic printing company for the purpose 
of capturing the isopropanol (IPA) emissions, under industrial conditions. The prototype 
itself consisted of an extractor pipe and an adsorbent cartridge placed inside a vacuum 
cleaner.  Adsorption was carried out by drawing in air from the printing machines where 
vapour emitted from the dampening solution (which comprised of about 10% by vol IPA and 
90% by vol water) was concentrated. Three trials of varying inlet concentrations with an 
adsorbent Dowex Optipore V503 (Dow) and a one trial with activated carbon (AC), was 
carried out at the printing facility. The time taken until the start of breakthrough was 
approximately 86 minutes and 250 minutes (of printing time) for Dow and AC respectively. 
Results showed that, until the start of breakthrough, all of the IPA entering the bed had been 
captured by both adsorbents. Of the material captured on the adsorbent, the percentage that 
was IPA for Dow was 66 wt% to 80 wt% and the IPA percentage that was captured on AC 
was 54 wt%. The rest of the captured material on the adsorbents was found to be water. A 
higher IPA loading, however, was evident for AC as compared to Dow.  
Results on microwave (MW) regenerating the two adsorbents showed that maximum 
regeneration of 88% for Dow and 97% for AC occurred after 12 and 13.5 minutes of 
microwave irradiation respectively. Tiny flashes of light across and within the whole AC bed 
were evident frequently during the initial stages of MW regeneration. Thus, in terms of 
safety, the existence of tiny sparks during AC regeneration indicates that Dow is the safer of 
the two adsorbents. Fractional regeneration of Dow showed that maximum IPA content was 
found in the regenerate collected between the 6th and 9th minute while the lowest IPA content 
was found between 0 and 3 minutes. For AC, the percentage of IPA in the regenerate was 
also found to increase with irradiation time. 
  
 
An attempt was made to model the process. The first step was to obtain the pure adsorption 
isotherms at 298 K using an Intelligent Gravimetric Analyser (IGA). For the AC and Dow 
adsorbents, the Toth and the CIMF model fitted extremely well to the pure IPA and water 
isotherms respectively. The mixture isotherms were described by the virial equation. The 
results from the mixture experiments involving Dow showed ideal adsorption of the mixture; 
AC showed highly non-ideal behaviour. A mathematical model (compiled on Matlab), which 
incorporated the co-adsorption isotherms, was used to predict breakthrough times during 
fixed-bed adsorption. This model was able to predict breakthrough data for Dow fairly 
accurately. 
An economic analysis was conducted which shows that AC is the cheaper of the two 
adsorbents to use, subject to safety considerations. 
Overall, a system that captures and regenerates the IPA from the print works had been 
successfully developed and tested. Microwave regeneration was found to be favourable for 
both adsorbents since, no loss in adsorbent capacity was found after exposure to microwave 
radiation. On comparing the two adsorbents, Dow was found to capture a higher percentage 
of IPA than water as compared to AC. However, with regards to economic viability, AC was 
found to be the more economic adsorbent. 
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1 Introduction 
1.1 Background 
Volatile organic compounds (VOC) are hydrocarbon compounds that evaporate readily due 
to their low boiling points. They are defined as any organic compounds having a vapour 
pressure of 0.01 kPa or more at a temperature of 293.15 K (European Council, 1999). 
Common examples of such compounds include; benzene, butane, ethanol, propanol, toluene 
and hexane. A number of VOCs exists naturally in the environment, while others exist as a 
result of man-made activities. The manufacture of petroleum products, paints, 
pharmaceuticals and adhesives are common man-made activities that contribute towards the 
usage and production of VOC’s (U.S. Geological Survey, 2005).  
The UK is the world’s fifth largest producer of printed products (Prospec: Eco-innovation, 
2009) (The British Printing Industries Federation, 2014). Thus the printing industry is one 
such source that is considered to be one of the highest contributors to VOC emissions in the 
UK. Approximately 10 % of the UK’s VOC emissions are believed to originate from the 
printing industry (GCA: Greeting Card Association, 2015). Therefore, the emissions from the 
printing industry are considered to have a sizable impact on overall pollution levels. 
According to Rothenberg et al. (2002), VOCs react with nitrogen oxides in the presence of 
sunlight to form ozone, a substance known to be harmful to human health and the 
environment. Isopropanol (IPA) is a solvent that is commonly used as part of the dampening 
solution in the printing units and is the main VOC emitted. It is also used as a cleaning and 
cooling agent in the printing industry. In some cases and depending on the type of ink 
utilised, n-propanol (NPA) is used as an alternative solvent. 
The Solvent Emissions Directive was issued by the European Council in 1999 so as to 
minimise or prevent the effects of VOC emissions from industries using solvents. Reducing 
VOC emissions from these industries is considered an important step in reducing 
tropospheric ozone. According to the Solvent Emissions Directive, only 20 % to 30 % of 
solvents used in the printing industry can be released into the atmosphere as emissions 
(European Council, 1999) (European Council, 2010). Thus, in order to meet the above 
requirements whilst still maintaining the desired throughput, the process of adsorption has 
been investigated as a means to reduce on VOC emissions to atmosphere.   
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1.2 The principles of adsorption 
Adsorption is a surface phenomenon in which molecules of a gas or liquid, attach to the 
surface of a solid. The interaction between the molecules and the surface of the adsorbent can 
take the form of a reversible physical interaction, or, an irreversible chemical reaction 
(chemisorption). The former, also termed as physisorption, is governed by van der Waals’ 
interactions that occur as a result of electric dipoles. The latter, or chemisorption, occurs as a 
result of chemical bonding. Another type of interaction is referred to as ion exchange. Here, 
the process is mainly governed by ionic chemical interactions. Various process developments 
have been made in the case of physisorption, due to its reversible and therefore readily 
regenerative nature. Thus, discussions in the following text will only be related to the 
physisorption process. 
Figure 1.1 shows a potential energy curve that explains the process of adsorption on a 
molecular level. The term ‘X’ on the x-axis is the distance between the surface of the 
adsorbent and the adsorbate molecule. As a molecule approaches the surface of the adsorbent 
(where the distance between the molecule and the surface is normal to the surface of the 
adsorbent), a repulsion force takes place between the electron cloud on the adsorbent surface 
and that on the molecule. Along with this repulsion force, there exists an attractive force also 
known as the van der Waals’ nuclear attraction force between the surface and the molecule. 
The attractive force however, has a shorter radius of influence which is reflected in the dip or 
“well” in the potential energy curve. At this point, the molecules are adsorbed onto the 
surface and would require enough kinetic energy to escape from the well i.e. during 
desorption. (Clean Air Technology Centre, 1999) 
 
Figure 1.1: Potential energy versus distance  
(Source: (Clean Air Technology Centre, 1999)) 
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Being a surface phenomenon, a substance possessing a large surface area per unit mass can 
be classified as being an effective adsorbent. This is the most important attribute of an 
adsorbent; the larger the surface area (per unit mass) of an adsorbent, the higher its capacity. 
The other important characteristics of an adsorbent include; selectivity, pore size distribution, 
its ability to regenerate, compatibility and cost. (Knaebel, 2004) 
1.2.1 Adsorbents 
For a given separation, a few of the main attributes of an adsorbent are; capacity, selectivity, 
kinetics, ability to regenerate, stability and cost. The adsorption capacity is the most 
important feature of an adsorbent. It can be defined as the maximum amount of adsorbate 
loaded onto the adsorbent, per unit mass of the adsorbent. The loading itself depends on the 
fluid-phase partial pressure, the temperature and the initial condition of the adsorbent. An 
increase in porosity of the adsorbent particle is favourable as it indicates increased capacity 
and therefore reduced volume requirement of the adsorbent. Selectivity, on the other hand, is 
related to capacity and can be described as preferential adsorption i.e. the ratio of the capacity 
of one component to that of another at a set fluid pressure. The mass transfer kinetics 
concerns the intra particle mass transfer resistance. In fixed bed adsorption, fast kinetics 
provides a sharp breakthrough curve while slow kinetics result in an expanded breakthrough 
curve. With regards to regeneration, ability of the adsorbent to regenerate simply refers to the 
extent to which the saturated adsorbent can be regenerated. Adsorbent stability refers to the 
ability of the adsorbent to withstand both physical and chemical attack such as biological 
fouling, attrition, variation in temperature, pressure and/or flowrate i.e. factors which could 
potentially reduce the life of the adsorbent. A few of the common adsorbents are described 
below; (Knaebel, 2004) 
• Activated carbon (AC): AC is very commonly used adsorbent for the capture of VOCs. It 
possesses a high surface area (600 to 1600 m2/g) and is produced by thermally 
decomposing carbonaceous base materials such as coconut shell, coal, wood, peat etc. The 
pore structure is defined by the type of activation process involved i.e. physical activation 
or chemical activation. In physical activation, pyrolysis of the carbon material takes place 
at temperatures between 600 and 9000C in an inert atmosphere. The carbonised material is 
then exposed to oxygen or steam (oxidising atmosphere) at temperatures above 6000C. 
Chemical activation, on the other hand, involves impregnating the adsorbent with 
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chemicals such as zinc chloride and phosphoric acid. Carbonisation is then carried out at 
temperatures lower than that employed in physical activation. 
• Polymers: Polymeric adsorbents are typically polystyrene/ divinyl benzene polymers. The 
hydrophobic or hydrophilic nature of the adsorbent depends on the functional group of the 
polymer. The high surface area (>1100 m2/g) hydrophobic Dowex Optipore V503 (Dow) 
is a polymeric adsorbent with a styrene-divinylbenzene matrix. Unlike AC, Dow adsorbs 
reactive solvents without initiating any decomposition. This is due to their very low 
mineral ash content (<0.01%) (The Dow Chemical Company, 2013).  
• Zeolites: Zeolites can be defined as having an alumina silicate crystal structure which 
contains uniformly sized pores. Zeolites, by nature, contain aluminium and therefore 
exhibit hydrophilic behaviour. Hydrophobic zeolites are formed by de-aluminising natural 
zeolites. The surface area of zeolites is typically between 600 to 700 m2/g. (Clean Air 
Technology Centre, 1999) 
• Aluminas: Activated alumina is manufactured from hydrated alumina. Some of its uses as 
an adsorbent are for removal of mercaptans and oxygenates from hydrocarbon streams, 
HCl from hydrogen in catalytic reforming, fluoride ions from water etc.(Knaebel, 2004) 
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1.2.2 Adsorption isotherms 
An adsorption isotherm is the measure of the equilibrium capacity of an adsorbent. It 
comprises of loading data measured over a range of partial pressures (for a gas-solid system), 
at constant temperature. 
 
Figure 1.2: IUPAC classification of adsorption isotherms 
(Source: (De Smedt et al., 2015)) 
According to the International Union of Pure and Applied Chemistry (IUPAC), majority of 
the isotherms can be classified into seven types as shown in Figure 1.2. Type I isotherms 
(also known as the Langmuir isotherm) represent gas phase adsorption onto microporous 
adsorbents whereas a Type II isotherms are observed for gas phase adsorption onto non-
porous adsorbents. Systems with weak adsorbate-adsorbent interactions exhibits Type III 
isotherms and adsorption onto meso-porous solids is shown by a Type IV isotherm. Like 
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Type III, Type V isotherms represent weak adsorbate-adsorbent interactions. A classic 
example of an adsorption system exhibiting a Type V isotherm is water on activated carbon. 
Type VI isotherms are associated with layer-by-layer adsorption on a homogenous surface. 
Like Type V isotherms, Type VII isotherms represent weak adsorbate-adsorbent interactions 
and are associated with adsorption on very hydrophobic material. Types I, II and IV are 
generally classified as favourable isotherms while Types III, V and VII represent 
unfavourable isotherms. The loops in Types IV and V can are explained by a phenomenon 
known as hysteresis. Here, emptying of pores (during desorption) follows a different pathway 
to pore filling (during adsorption). Table 1.1 contains a list of some commonly used pure 
isotherm models. 
Table 1.1: A list of some common pure adsorption isotherm models  
(Source: Dada et al. (2012), Foo and Hameed (2010) and Tien (1994)) 
Isotherm Equation Constants 
 
Langmuir 
 !!! = !"1+ !"  
 
q = loading (mol/kg) 
qm= monolayer capacity (mol/kg) 
a = Langmuir constant 
p = partial pressure (Pa) 
 
Freundlich ! = !!!!! Kf = constant (mol/kg/Pan) n = adsorption intensity 
 
BET ! = !!!!"#!(!! − !)(1+ !!"# − 1 (! !!)) 
 
qs = Saturation loading (mol/kg) 
cBET = BET constant 
po = saturation pressure (Pa) 
 
Toth !!! = !(! + !!)!/!  t, b = Toth parameters 
Dubinin 
Radushkevich 
(DR) 
 ! = !! exp    −!!"!!   Kad = DR constant (mol2/kJ2) ε = DR isotherm constant 
1.3 Regeneration of saturated adsorbents 
One of the major technologies for the reduction of VOC emissions is based on the process of 
adsorption. However, once saturated, the adsorbent must be regenerated before reuse since it 
may contain hazardous material that would in turn require special treatment before disposal. 
Additionally, as a result of strict environmental regulations and increased prices of certain 
adsorbents, regeneration has become vital so as to ensure that the adsorption process will be 
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economically attractive. Therefore a reliable regeneration system must be in place once the 
VOCs have been captured. (Ania et al., 2004) 
As mentioned previously, in order for desorption to take place, adequate kinetic energy must 
be supplied to the adsorbed molecules to enable escape from the potential energy wells. This 
can be achieved by both; temperature and pressure swings. During temperature swings, the 
molecules gain kinetic energy when heated and escape when sufficient energy has been 
attained. Here, heat is supplied in the form of steam, heated Nitrogen etc. In vacuum 
regeneration, desorption is carried out by evacuating the space over the adsorbed material. 
Currently, temperature swing regeneration (TSR) and microwave heating technology are the 
two main methods used for the regeneration of saturated adsorbents. With TSR systems, the 
adsorbent is indirectly heated by conduction and convection. In the microwave device, 
however, the energy is directly transferred to heat inside the particles (adsorbed VOC) by 
dipole rotation. Thus, the high energy requirements and slow regeneration times of TSR 
systems has led to microwave heating systems becoming more economically favourable for 
many applications. 
1.4 This work 
Since most of the VOC emissions originate from the printing industry, an initial investigation 
of VOC capture (using AC) from the printing industry was carried out by Sadler (2009), 
Bhonsle (2010) and Rusu (2011). A thorough analysis of the topic, however, was not 
achieved by either of the above authors. The aim of this project is to develop and test a 
complete demonstration scale capture and regeneration system capable of reusing both, the 
adsorbent and the adsorbed VOC (in this case IPA).  
1.4.1 Research questions 
The primary research questions of this work are listed below; 
1) Is it possible to have a system that would capture and regenerate the IPA emitted at a 
printing facility in a safe manner, thereby adhering to environmental regulations? 
2) How does AC compare to a polymeric resin, Dowex Optipore V503, in terms of 
economic viability and technical feasibility for the developed capture and regeneration 
system? Is either economically viable when compared to other capture and regeneration 
technologies? 
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1.5 Structure and overview of the report 
Table 1.2: Outline of the thesis 
Chapter number Description 
Chapter 1: 
Introduction 
Introduction to adsorption and regeneration processes. 
Chapter 2: 
Literature review 
A review on previous studies of; VOC reduction/capture 
techniques, pure and binary adsorption isotherm modelling, and 
microwave regeneration processes. 
Chapter 3: 
Adsorbent 
characterisation 
An analysis of the adsorption data of IPA and water vapour 
onto Dowex Optipore V503, a polymeric adsorbent, and, a 
coconut shell based activated carbon. This section contains an 
analysis of the experimental data obtained for pure as well as 
mixture isotherms on each of the adsorbents. 
Chapter 4: 
IPA capture from the 
lithographic printing 
press 
A full description of the prototype set-up (at the printing press) 
and the experimental apparatus is provided. The main body of 
this chapter contains descriptions of some standard operating 
procedures of key adsorption experiments conducted, followed 
by a detailed discussion on the outcome of each of the 
experiments. A mathematical model was used to describe the 
dynamic behaviour exhibited by IPA and water during fixed-
bed adsorption. The chapter is concluded with an assessment 
on the efficiency of the capture system at the press. 
Chapter 5: 
Microwave assisted 
regeneration of saturated 
adsorbents at low 
pressures 
The suitability of microwave regeneration and the kinetics of 
microwave regeneration at very low pressures are examined in 
this section. This chapter also takes into account the effect of 
material selection when subjected microwave radiation. The 
experimental findings and behaviour of saturated Dowex 
Optipore V503 and Activated carbon, when exposed to 
microwave radiation is examined. 
Chapter 6 : 
Economic feasibility 
analysis 
For the given capture and regeneration system, an economic 
analysis is conducted for both; Dow and AC. 
Chapter 7: 
Conclusions and future 
work 
Conclusions and recommendations for future work are 
presented. 
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2 Literature review 
2.1 Methods for emissions reductions in the printing industry 
The solvent emissions directive (1999/13/EC) (European Council, 1999) provides procedures 
to be implemented for certain activities in order to prevent or minimise direct or indirect 
effects of VOC emissions to atmosphere and to human health. The emission limits stated in 
the directive are applicable to certain printing processes such as flexography, heat-set web 
offset, laminating associated to a printing activity, publication rotogravure, rotogravure, 
rotary screen printing and varnishing. Table 2.1 that was taken from the solvent emissions 
directive contains a list of the emission limits for each of these printing processes. 
Offset lithography can be defined as a planographic method of printing which works on the 
principle that oil and water do not mix. Planograpic refers to the fact that the image and non-
image areas are on the same plane of the printing plate. Sheet-fed printing is a type of offset 
lithography in which individual sheets of paper are fed to the press. The main sources of 
VOC emissions from offset lithographic printing include; evaporation of components from 
fountain solutions, cleaning agents, inks and other materials such as coatings etc. Isopropyl 
alcohol (IPA) is mainly used as the dampening aid in most printing facilities. A dampening 
aid enhances the spread ability of the fountain solution (which is water based) across the 
printing plate by reducing the surface tension of water. (U.S. EPA (1993) and U.S. EPA 
(2006)). 
According to the U.S. EPA (2006), before the 1980’s alcohol concentrations as high as 35% 
were employed during printing operations while a standard concentration for most presses 
was between 15 to 20%. Over the past 20 years, however, various attempts have been made 
to reduce these concentration levels. A few of the methods chosen in order to reduce the 
VOC emissions include; cooling the fountain solution containing IPA, thus minimising 
alcohol evaporation, or, switching to alcohol substitutes which have a higher boiling point 
and lower volatilities such as glycol ethers. The recommended level of VOC emissions 
control (i.e. alcohol usage) from on-press fountain solutions, as suggested by the U.S. EPA 
(2006), is 1.6% by weight of alcohol (IPA) for heat-set web offset lithographic printing, and, 
5% by weight of alcohol (IPA) in sheet-fed and cold-set web offset lithographic printing.  
Chapter 2. Literature Review 
10 
 
Table 2.1: Threshold and emissions control  
(Source: European Council (1999)) 
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The main source of VOC emissions in a lithographic printing press was identified as being 
the alcohol concentration above the fountain solution (U.S. EPA, 1993). In a report by the 
U.S. EPA (1993), the alcohol reduction was found to result in savings in terms of the cost per 
unit mass of alcohol not used, while, alcohol substitution, although more expensive, saves 
money due to the lower quantities used. These two methods of VOC reduction, however, 
have been stated as an industry-wide concern due to lost production and retraining time 
during the transition period. Sheet-fed presses have been identified by the U.S. EPA (1993) 
as presenting a lot more challenges when adopting either of the two methods due to the high 
variability and the number of products printed, each of which requiring press resetting. The 
material costs savings, however, were believed to eventually outweigh initial costs. Cooling 
the fountain solution to a pre-set temperature using refrigerated circulators had been 
identified as an alternate method of VOC emissions reduction. Employing this method would 
decrease the saturated vapour pressure of the alcohol thus minimising evaporation in the 
fountain solution. Being small sources of fountain emissions, applying refrigerated circulators 
would be extremely costly (U.S. EPA (1993)).  
Another alternative which involved switching to a waterless offset had also been suggested 
by McCourt (1999). He stated that almost 40 to 50% of the IPA in the dampening solution 
was lost through evaporation. Therefore IPA reducers or substitutes were expected to be more 
economical and also greatly reduce the risk of fire. In 2011, an article describing a new 
technology, which enabled alcohol free printing, was introduced by Heidelberg. In order to 
account for the absence of IPA in the dampening solution, special dampening rollers and a 
Saphira dampening solution additive were incorporated into the system. The sole purpose of 
the new technology was to reduce costs and minimise risks to health and the environment. 
The main concerns that were raised by Heidelberg as a result of IPA usage were; 
• Increased IPA usage in the dampening solution would result in increased evaporation at 
the printing facility leading to health issues such as headaches, nausea etc. 
• Production of summer smog and damage to the ozone layer thereby contributing to global 
warming. 
Although several advantages have been made apparent by Heidelberg, a drawback identified 
with using an alcohol free press is the difficulty associated with printing spot colours, 
metallic inks and non-absorbent substrates without the use of IPA. (Heidelberg, 2011) 
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2.1.1 Prototype history 
Sadler (2009) reviewed and modelled two well-known techniques of VOC capture and 
recovery namely; adsorption and absorption. In his work, the process of adsorption and 
absorption were modelled using a programming software, FORTRAN 95. The modelling of 
each of these processes was based on operations observed from two printing presses, each of 
which used IPA as part of the dampening solution. Sadler (2009) concluded that although 
absorption might be considered a feasible option for producing clean air (i.e. an IPA 
concentration < 100 ppm), the mass fraction of IPA that could be recovered would be small. 
Therefore, in order to regenerate the IPA, a costly and energy intensive process such as 
distillation would be required. He further concluded that the process of adsorption was a 
preferred option as it would remove low concentrations of VOC from waste air streams. 
Sadler (2009) also stated that as a result of being cheap and readily available in combination 
with providing a variety of regeneration techniques, activated carbon was selected as the 
favoured adsorbent.  
With regards to modelling, Sadler produced an initial design of a pressure swing adsorption 
column and the adsorption modelling was stopped thereafter due to time constraints. The 
column design was based on assumptions made by the instantaneous local equilibrium and 
the multi-temperature Toth isotherm. Although Sadler (2009) provides a FORTRAN code 
that uses the multi-temperature Toth isotherm to model the adsorption of IPA onto AC, he 
however, does not take into account the effect of co-adsorption of the VOC and water onto 
AC. According to a paper written by Taqvi et al. (1999), the water present in humid air is 
often a component in the feed streams to adsorption columns. And as proved by Cossarutto et 
al. (2001), Foley et al. (1997) and Lavanchy & Stoeckli (1999), the presence of water vapour 
reduces the VOC sorption and alters the kinetics of the sorption process. Therefore, the true 
overall performance of the process depends on the adsorption of the VOCs in the presence of 
water vapour. In addition, it is to be noted that the fount solution used at Curtis Print & 
packaging comprises of about 90% water and 10% n-propanol (NPA). It is therefore very 
likely that a portion of the vapours being sucked into the AC bed is water vapour.  
A further investigation was carried out by Bhonsle (2010) and Rusu (2011), who explored the 
topic of VOC capture using AC in the printing industry. In the year 2010, Bhonsle took over 
Sadler (2009) work and proposed a prototype design that could capture the NPA emissions 
from the lithographic printers at Curtis Print & Packaging. The key elements that formed part 
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of this design were a VOC meter (to measure the NPA concentration), granular activated 
carbon (GAC), and, a vacuum cleaner (for drawing in the VOC laden air). Due to lack of data 
available at the time, Bhonsle (2010) found that his preliminary design was incomplete and 
therefore needed to be improved in order to make it a viable solution. Thus, Rusu (2011) 
continued the investigation and built a prototype, which was eventually tested at Curtis Print 
& Packaging. Besides the AC cartridge itself, the main component of the prototype was the 
vacuum cleaner since it was used for the purpose of drawing in the VOC vapours. The other 
pieces of equipment that formed part of the prototype were the extractor pipe and the ball 
valve. A schematic of the prototype set-up at the printing facility is shown in Figure 2.1. The 
NPA concentrations at the inlet and outlet of the bed were measured using a VOC meter. The 
sampling procedure involved switching off the vacuum cleaner and thereafter, measuring the 
NPA concentrations at the inlet and outlet sample points. The measured NPA concentrations 
were then used to draw up a breakthrough curve, which was used to evaluate the time taken 
to saturate the AC bed.  
 
Figure 2.1: A simple schematic of the prototype set-up at Curtis Print and Packaging  
(Source: (Rusu, 2011)) 
According to Rusu's (2011) results, a 50 % breakthrough was obtained by the end of the 
experiment (which lasted for 18 hours and 25 minutes). The first breakthrough of NPA was 
observed after 16 hours and 35 minutes (as shown in Figure 2.2). The y-axis in Figure 2.2 
represents the fraction of NPA exiting the bed. The weight gain in the 5 kg of fresh AC by the 
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end of the experiment was recorded as being 1.49 kg. An air flowrate of 950 l/min was used, 
and an average NPA inlet concentration of 750 ppmv was recorded for the fixed bed 
adsorption experiment. With regards to the experimental data, Rusu reported large 
fluctuations in NPA concentrations at the inlet of the AC bed throughout the course of the 
experiment. She further stated that the higher NPA concentrations were observed during the 
times when the press was in operation (i.e. when the printing jobs were taking place) whereas 
the lower concentrations were evident during the times when the press was not in operation. 
 
Figure 2.2: Breakthrough curve obtained at Curtis Print & Packaging, for NPA on AC 
at an air flowrate of 950 l/min  
(Source: (Rusu, 2011)) 
One of the experiments carried out in this study involved determining the cause of these 
fluctuations at the printing facility. The effects of the varying inlet NPA concentrations on the 
breakthrough curve, and also on the amount of NPA captured by the AC bed was also 
investigated as part of this study. The sampling procedure was the same as that carried out by 
Rusu. However, a shorter cartridge and therefore a smaller mass of AC were used so as to 
reduce the length of the experiment.  
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Figure 2.3: Breakthrough curves obtained at Curtis Print and Packaging, when running 
the prototype during; a) printing times and, b) printing and non-printing times 
The duration of the experiment when running the prototype continuously was approximately 
18 hours and the weight gain in 1.68 kg of fresh AC was about 0.389 kg. The start of 
breakthrough was evident after approximately 236 minutes (about 4 hours) of running time. 
In the second case i.e. when running the prototype only during printing times the length of the 
experiment was approximately 620 minutes (or 10.4 hours) of printing time, and the weight 
gain in 1.67 kg of fresh AC was recorded as being 0.441 kg. Breakthrough, in this case, was 
seen to occur at just over 200 minutes (or 3.3 hours). On comparing the results obtained from 
the two experiments it can be concluded that the latter provides the better conditions for 
adsorption since higher NPA feed concentrations were evident during printing times. As a 
result of this, saturation of the AC bed was attained over a shorter period of time, and the 
weight gain in the AC was higher. However, despite the higher NPA concentrations in the 
latter experiment, non-uniformities in the breakthrough curve were still evident. These non-
uniformities were attributed to the location of the sample points, and therefore, the sampling 
procedure adopted in the experiment. As mentioned previously, the sampling procedure used 
in Rusu’s work and the two tests shown in Figure 2.3 involved switching off the vacuum 
cleaner and thereafter, measuring the NPA concentrations at the inlet and outlet sample 
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points. This procedure, not only increases the duration of the experiment, but is also not a 
true representation of the NPA concentrations since switching off the vacuum cleaner results 
in lower NPA concentrations at the inlet and outlet sample point. A modification, reported in 
this study, involving the incorporation of the inlet sample point before the ball valve, and 
usage of the exhaust (of the vacuum cleaner) as the outlet sample point, enabled 
determination of the VOC concentrations whilst the vacuum cleaner was still in operation. 
Details on all modifications made are presented in Chapter 4 of this report. 
Unlike most laboratory scale experiments such as those stated in Taqvi et al. (1999) and Park 
et al (2010), the experiments conducted in this investigation involve testing an adsorption 
system (capable of capturing IPA) in a real environment comprising of various uncontrolled 
variables such as temperature, IPA inlet concentration and humidity. Under these conditions, 
a complete capture and regeneration process was developed and tested. In December 2012, 
Curtis, Print and Packaging switched to an alcohol free press and therefore additional 
adsorption experiments could not be conducted using NPA. Thus, all experiments reported in 
this work were conducted at Aaron Printing where IPA is used in the dampening solution. 
2.2 Adsorption – Experimental and Theoretical studies 
The first quantitative observations associated with adsorption were made by C.W. Scheele in 
1773 and Fontana in 1777, who studied the uptake of gases by charcoal. (Dabrowski (2001))  
2.2.1 Adsorption of pure organic compounds 
• Activated Carbon 
In 1999, Taqvi carried out an investigation on the co-asdorption of several alcohols and water 
on BPL activated carbon at 298 K and 373 K. The pure isotherms for several alcohols 
including NPA were also reported at 298 K, 323 K, 348 K and 373 K over a range of 
pressures. The experiment was a simple setup that involved recirculation of a gas through a 
closed loop containing a small AC bed, until equilibrium was reached. Results from this 
experiment showed that an increase in the system temperature lead to a considerable decrease 
in NPA loadings. A similar outcome was obtained by Park et al. (2010) who examined the 
effects of temperature on NPA breakthrough curves. They found that at lower temperatures, 
complete breakthrough was achieved over a longer period of time, whereas, not all of the 
NPA entering the bed adsorbs onto the AC, resulting in an early breakthrough for the higher 
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temperatures. The pure alcohol isotherms obtained by Taqvi et al. (1999) were described 
using the multi-temperature Toth isotherm, as shown below; 
 ! = !!!! !! − 1
!/!
 (2.1) 
With;  
 ! = !! exp − !∆!!!"  (2.2) 
Where p is the partial pressure of the adsorbate (kPa), n is the uptake (mol/kg), ns is the 
saturation loading (mol/kg), t and b (Pat) are Toth parameters, ΔHa is the isosteric heat of 
adsorption (kJ/mol), and T is the temperature at which the isotherm was measured (K). The 
main difference between the Toth isotherm presented by Taqvi et al. (1999) and that 
presented by Malek and Farooq (1996) is the inclusion of the constant t in the exponential 
term of equation (2.2) which was made in order to maintain thermodynamic consistency 
(Taqvi et al., 1999). Here, the isosteric heat of adsorption, although a function of loading was 
considered loading and temperature independent, for use with the Toth isotherm. The Toth 
isotherm gave a good fit to experimental data at all temperatures and hence was used to 
describe pure IPA adsorption isotherms, obtained in this study, for AC. 
• Dowex Optipore V503 
Ambrozek et al. (2014) conducted experimental studies on the adsorption equilibrium of pure 
IPA on Dowex Optipore V503. The adsorption isotherms were determined at 293K, 313 K, 
333 K, and 353K, each at vapour pressures ranging from 0 to 4418 Pa. The temperature 
dependant Toth isotherm (like in equation (2.1)) as well as the Dubinin-Astakhov model gave 
a good fit to experimental data. Thus, in this study, the Toth isotherm was used to fit 
experimental data for IPA on Dowex Optipore V503 at 298 K. 
Ambrozek et al. (2014) also proved the existence of a heterogenetic structure in the Dowex 
polymer due to the dependence of the heat of adsorption on the surface coverage. Such 
heterogeneity was also reported by Taqvi et al. (1999) for AC.   
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2.2.2 Adsorption of pure water 
• Activated Carbon 
An equation describing the theory behind water vapour adsorption on AC was first developed 
by Do and Do (1999). This adsorption process was described by splitting the adsorption 
isotherm into three distinctive regions; 
i) For reduced pressures less than 0.2: where adsorption takes place around the functional 
group as a result of hydrogen bonding. 
ii) Reduced pressures between 0.2 and 0.8: where the formation of water clusters (i.e. when 
the water concentration around the functional groups are high enough) results in 
micropore filling. 
iii) Reduced pressures greater that 0.8: where the growth of water clusters results in meso and 
macro pore filling. 
Thus the following equation was used to describe water vapour adsorption on AC; 
 !! = !! !! !!!!!!1+ !! !!!!! + !!" !! !!!!!!! !!!!! + !!!!!!!  (2.3) 
Where Cµ is the total amount of water adsorbed, x is the reduced pressure of water, S0 is the 
concentration of the primary adsorption sites (or functional groups), n is the number of water 
molecules adsorbed onto the functional groups, Kf is the equilibrium constant including water 
chemisorption on primary sites and hydrogen binding on secondary sites, Cµs is the saturation 
concentration of water in micropores and Kµ is the equilibrium constant for water clusters 
into micropores. 
The model showed good fit to experimental data, however, the model assumes that the water 
cluster in the micropore contains five water molecules. Marban and Fuertes (2003) utilised a 
model known as the Cluster Formation Induced Micropore Filling (CIMF) model (equation 
(2.3)) for describing water vapour on activated carbon fibre-based monoliths. This model is a 
modification of the Do and Do (DD) model. Therefore, unlike the DD model, which restricts 
the number of water molecules forming a detachable cluster to 5, the CIMF model permits 
the use of the number of water molecules in the cluster as a fitting parameter thus enabling a 
higher enhancement in curve fitting. 
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 !! = !! !! !(!!)!!!!!1+ !! (!!)!!!!! + !!" !!(!!)!!!!!(!!)!!! + (!!) (2.4) 
Where, q is the amount of adsorbed water (g/g), qf is the concentration of the primary 
adsorption sites (or functional groups), qµs is the saturation concentration of water in 
micropores, pr is the relative pressure and m is the average number of water molecules 
forming the clusters that migrate into pores.  Thus, the CIMF model was used to describe the 
water adsorption isotherms associated with AC, generated in this study. 
• Dowex Optipore V503 
Several studies investigating the adsorption equilibria of water vapour on AC, has been 
carried out over the years. However, very little is known about the adsorption characteristics 
of water vapour on the polymeric adsorbent, Dowex Optipore V503. Long et al. (2012) 
conducted a study on the adsorption characteristics of water vapour on a hyper crosslinked 
polymeric adsorbent (HY-1). A hypercrosslinked polymeric adsorbent is a microporous 
adsorbent which is produced by further crosslinking polymers in a solvent (Long et al., 
2012). The results for the HY-1 adsorbent were then compared to water vapour adsorption 
equilibria obtained on using granular activated carbon (GAC) and activated carbon fibre 
(ACF). The CIMF model was used to describe the isotherm data obtained for all of the above 
adsorbents.  
Results from this investigation showed lowest water uptake for HY-1 as compared to GAC 
and ACF, indicating an extremely hydrophobic nature of HY-1. The CIMF model was found 
to correlate well with experimental data for all adsorbents. Thus, as with AC, the CIMF 
model was used to describe the water adsorption isotherms on Dow in this study. A further 
investigation, which involved determining the effects of water vapour on VOC (i.e. benzene) 
adsorption showed that the presence of water vapour in the gas stream reduced the adsorption 
capacity of all three adsorbents. The effect of competitive adsorption, however, was found to 
be the lowest for HY-1 due to its comparatively higher hydrophobic nature. 
2.2.3 Multicomponent adsorption equilibrium 
Activated carbon (AC) is a common adsorbent used during separation processes. While an 
extensive research has been conducted on adsorption associated with the individual species 
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(i.e. water and the organic species respectively), fairly little have been published about the 
co-adsorption effects. Along with the organic species (in this case IPA), one has to take into 
account the presence of water in the form of moisture in air, in order to determine the 
performance of the separation process. Generally, the adsorption of organic compounds on 
activated carbon exhibits a type I isotherm. This takes place as a result of strong dispersion 
interactions and superposition of the adsorption potential energy functions in the micropores, 
thereby resulting in high adsorption energy. Water, however, does not interact strongly with 
AC and therefore has been found to exhibit a type V isotherm. (Appel, 1998) 
A study on multi-component adsorption systems was carried out and two models namely; the 
Dubinin-Radushkevich (DR) and the Dubinin-Astakhov (DA), were presented by Linders et 
al. (2001). The DR model was proved useful for describing adsorption of organic compounds 
on AC whereas the DA model was found effective when predicting the adsorption of water 
onto AC (as also demonstrated by Lavanchy & Stoeckli (1999)). Although each of the above 
models generated reasonable fits for single component equilibrium adsorption, both models 
were reported as being thermodynamically inconsistent. As a result of not reducing to 
Henry’s law at low pressures, the DR model was split into two parts; a linear relationship for 
the lower part of the isotherm and the DR equation itself for higher partial pressures (up to 
the saturation pressure). The DA model, on the other hand, was left unmodified (implying 
that it is still thermodynamically inconsistent) since it provided a fairly reasonable description 
of the water isotherm. The incorporation of the DR equation into the IAS theory and the DA 
equation into the IAS theory lead to a fairly satisfactory description of binary adsorption of 
organic compounds and water on AC respectively. One of the assumption associated with the 
IAS theory however, is that the adsorbed phase behaves as an ideal mixture. Therefore 
incorporating activity coefficients when dealing with non-ideal system has been 
recommended by Linders et al. (2001) for future work.  
Appel (1998) developed a model involving multi-component isotherms derived from a single 
equation of state (EOS). This EOS combines pure component isotherms, which account for 
behaviour exhibited by the individual species in the mixture with the two dimensional virial 
equations. The coefficients in the virial equation account for non idealities that arise from 
multi-component adsorption systems, by providing an adjustment to the loading predicted by 
the pure component isotherms. According to a study by LeVan & Taqvi (1997) on two-
component adsorption on homogeneous and heterogeneous surfaces, the Henry’s law 
constant is stated as being different for each adsorbent patch.  However, replacing pure 
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component virial terms with pure component isotherms captures Henry’s law behaviour 
thereby accounting for adsorbate-adsorbent interactions on the whole. Equations (2.5) and 
(2.6) can be described as a combination of the pure component isotherms and the multi-
temperature virial terms, and, was used to describe experimental data obtained by Taqvi et al. 
(1999) for co-adsorption of certain alcohols (including NPA) and water. 
                   !"!! = !"!!,!"#$ + 2!!!"!! + 3!! !!!"!!!! + 32!! !!""!!! +⋯                         (2.5) 
                 !"!! = !"!!,!"#$ + 2!!!"!! + 32!! !!!"!!! + 3!! !!""!!!! +⋯                       (2.6) 
The subscripts a and w represent alcohol and water respectively, p is the pressure (kPa) and 
na, nw is the loading of alcohol and water respectively (mol/kg). The values for all the virial 
mixture coefficients (VMC), Baw, Caaw and so on, are given by Appel (1998).  
Experiments involving the coadsorption of alcohols and water on BPL AC at 298 K and 373 
K were conducted by Taqvi et al. (1999). As part of the operating procedure, the alcohol was 
first loaded onto the adsorbent (at a known loading) followed by a series of water injections 
with vapour phase sampling (on reaching equilibrium) after each injection, until the 
saturation pressure of the water was reached. Results from these experiments and from those 
reported by Linders et al. (2001) and Finn et al. (2006), showed that for lower alcohols (such 
as methanol and ethanol) at constant alcohol loading, a decrease in alcohol partial pressure 
(corresponding to an increase in alcohol loading) was apparent at first, followed by a rapid 
increase in alcohol partial pressure (decrease in alcohol loading) with increasing water 
loading. This trend was attributed to; (i) the strong cooperative interactions between alcohol 
and water at low loadings, and, (ii) the competitive behaviour of water at high loadings. In 
contrast to the results obtained for the lower alcohols, the partial pressure of NPA was seen to 
increase throughout the course of both experiments i.e. at 298 K and 373 K (a gradual 
increase at first, followed by a rapid increase). Such behaviour was owed to the competitive 
nature of the adsorbates, since increasing the water loading would result in filling of the 
micropore volume (with water), thereby driving away the alcohol molecules from the AC 
pores. 
Finn et al. (2006) conducted an analysis on the adsorption dynamics of organic compounds 
and water vapour in activated carbon beds. Both, hydrophilic and hydrophobic adsorbents 
were used as part of this analysis. The VMC model was incorporated into the fixed bed 
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simulation for describing non-ideal multi-component equilibrium data. Finn et al. (2006) 
concluded that; 
• Fixed bed adsorption for organics is greatly affected by water vapour at high relative 
humidity. 
• For hydrophilic adsorbates (e.g. ethanol) cooperative coadsorption takes place at low 
relative humidity and competitive adsorption at high relative humidities. 
• For organics at low concentrations, the system responds to humidity steps in a similar 
manner to that for pure components since adsorbate – adsorbate interactions are not 
significant. However, as the adsorbate – adsorbate interactions become significant at 
high concentrations, the hydrophilic organics behave differently than as a single 
component. 
The work reported in this study involves using AC to capture IPA emissions from a 
lithographic printing company (Aaron Printing). The dampening solution used at this printing 
facility comprises of about 90% water and 10% IPA. Thus, when modelling fixed bed 
adsorption at the print works, the effects of co-adsorption of IPA plus water on AC were 
taken into account. The work presented by Taqvi et al. (1999) and Appel (1998), provide a 
reasonably good description of the co-adsorption effects of water and alcohol on AC. 
Calculations enabling prediction of water and IPA partial pressures using the VMC method 
were carried out using the virial coefficients deduced by Appel (1998). Inputting these 
coefficients into the calculation, however, resulted in incorrect partial pressures that were 
approximately 15 orders of magnitude greater than the measured values. Thus, a new set of 
virial coefficients, capable of describing experimental data, was determined as part of this 
study and are presented in Chapter 3 of this report. 
Like with the pure components (e.g. IPA and water), very little is known about the co-
adsorption characteristics of water vapour and IPA on Dowex Optipore V503. Therefore, as 
with AC, modelling of co-adsorption data on Dow involved application of the VMC method.   
2.3 Regeneration of saturated adsorbents 
Three of the desorption methods typically used for gas phase regeneration in industrial and 
laboratory practices, are pressure swing regeneration (PSR), temperature swing regeneration 
(TSR) and reactive regeneration (RR). Owing to the requirement of additional compressors 
and vacuum pumps, PSR is deemed to be less efficient at low operating pressures. Desorption 
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in TSR is carried out by passing a hot purge gas (usually inert) or superheated steam through 
the adsorbent as a heating medium. (Bathen (2003) and Cherbanski et al. (2011))  
The disadvantages associated with TSR are; 
• Time required to heat the adsorbent to the desired temperature. 
• The use of a hot purge gas leads to dilution of the desorbed phase. Therefore recycling of 
adsorbate would require low condensation temperatures. 
• Usage of steam instead of a hot purge gas would require a drying a stage (of the steamed 
bed) after each regeneration steps thus implying an increase in energy consumption. 
Furthermore, an expensive cooling system is required to condense the steam along with the 
desorbed VOC. The dilute condensate would then need to undergo distillation for further 
separation. (Bathen (2003) and Cherbanski et al. (2011))  
Cherbanski et al. (2011) conducted a comparative study on microwave swing regeneration 
(MSR) and TSR. The significant difference between the two techniques was pointed out as 
being the heating mechanisms employed in order to carry out regeneration. While TSR 
involves heating the adsorbent by means of a hot purge gas, the microwave energy used in 
MSR is directly supplied and dissipated into heat, within the adsorbent. The researchers 
found MSR to be a more efficient technique since the total energy consumption, in this case, 
was considerably low (i.e. less energy wasted and less sensible enthalpy of purge gas stream). 
Additionally, the adsorption capacity of the adsorbent (in this case, 13X molecular sieves) 
remained intact after several consecutive adsorption-desorption cycles. 
2.3.1 Microwave regeneration 
Microwave regeneration depends upon the dielectric properties of the adsorbent and the 
solvent adsorbed. Thus, the microwaving process can be split into two mechanisms namely; 
microwave selective and microwave thermal mechanism. A combination of a microwave 
transparent adsorbent with a polar solvent would result in effective regeneration, whereas, 
irradiation of microwave transparent adsorbents containing non-polar adsorbates would result 
in no regeneration. In other words, microwave energy is adsorbed by a system only in the 
presence of a polar solvent. Hence, the temperature of the bed decreases when almost all of 
these polar compounds are desorbed. Ethanol and toluene on zeolite DAY is an example of a 
system exhibiting microwave selective mechanisms. With regards to a microwave absorbing 
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adsorbents (e.g. silica), the microwave energy is dissipated by the adsorbent. Thus with such 
adsorbents, no distinction can be made between desorption behaviour of polar and non-polar 
solvents. Here, the temperature of the bed depends on the irradiation time and not on the 
surface coverage of the adsorbent. An example of a system exhibiting microwave thermal 
mechanism is ethanol and toluene on Envisorb B+. In the case where the adsorbents dielectric 
properties lie between the two adsorbent, both selective as well as thermal adsorption is 
evident e.g. with water – Envisorb B+ - Butanol (with decreasing dielectric constants in that 
order). (Bathen, 2003) 
The study conducted by Bathen (2003) is in agreement with the findings of Burkholder et al. 
(1986) who conducted a study on ethanol recovery from a molecular sieve adsorbent using 
microwave radiation (or dielectric heating). They found that the ethanol concentration 
increased rapidly, peaked and then decreased due to low alcohol coverage on the adsorbent 
and due to the removal of water adsorbed by binders in the sieve. It was therefore concluded 
that selective heating was the basic mechanism involved during regeneration of ethanol and 
that different concentrations of alcohol could be recovered at different stages of the 
desorption cycle. Hashisho et al. (2005) conducted an analysis on microwave-swing 
adsorption for the capture and recovery of vapours from air streams using activated carbon 
fiber cloth (ACFC). The built and tested apparatus worked sequentially i.e. as an adsorber in 
one cycle and as a desorber in the following cycle. Water vapour, methyl ethyl ketone (MEK) 
and tetrachloroethylene (PERC) were the main components that were examined during the 
adsorption and regeneration process. In addition to the above, the behaviour of dry ACFC and 
loaded ACFC, when subjected to a microwave field, was also determined as part of this 
investigation. Hashisho et al. (2005) concluded that the dielectric loss factor decreases with 
increasing temperature since, in the case of the dry ACFC, the rate of increase in bed 
temperature was recorded as being higher at the beginning of the regeneration cycle. Here, a 
material with a high dielectric loss factor indicates a microwave absorbing material. The rate 
of temperature rise for the dry ACFC, however, was higher than that obtained for the vapour 
saturated ACFC. This was attributed to energy used up to heat the adsorbates in the pores of 
the ACFCs. Hashisho et al. (2005) also stated that the polarity of the adsorbates made no 
significant difference to the regeneration process. They concluded that heating of the vapour 
loaded beds was dominated by the loss factor of the ACFC rather than that of the adsorbates 
(due to low vapour loadings). Although rapid regeneration was evident using the above fixed 
bed set-up, it was evident that complete regeneration could not be achieved for either of the 
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organics (i.e. MEK and PERC). Additionally, not all of the desorbed material was recovered 
as liquid. The remainder (i.e. 15 to 35%) of the regenerated organic was found to exist in the 
purge gas stream. 
Coss and Cha (2000) also conducted a study on microwave regeneration but on granular 
activated carbon, for removal of solvents (i.e. MEK, tetrachloroethylene and acetone) from 
vented air. The regeneration unit comprised of a microwave generator, a liquid collector, and 
an activated carbon adsorber (located downstream of the reactor) to capture any uncondensed 
vapours. The activated carbon was placed inside a quartz tube, which was in turn enclosed by 
the wave guide. During regeneration, the quartz reactor was purged with nitrogen at a 
constant flowrate. 20 adsorption/ regeneration cycles were conducted for each of two 
samples. Results from this investigation showed that microwave regeneration did not affect 
the adsorption capacity of the carbon, instead, it was found to restore the adsorption capacity 
to its original value. Additionally, only a slight decrease in capacity was evident after 20 
adsorption/ regeneration cycles. On conducting an energy balance, Coss and Cha (2000) 
found that only 27% of the total input power was absorbed by the activated carbon in the 
reactor. This was attributed to the small volume of adsorbent in the wave guide. 
Ania et al. (2004) carried out a comparative study of the regeneration of activated carbons 
using microwaves and conventional thermal methods. The regeneration of the activated 
carbon was carried out in an electric furnace and a single mode microwave device. Both of 
these methods were carried out under inert (N2) and oxidising (CO2) atmosphere. First, the 
AC was made to undergo the specified thermal treatments in the absence of the adsorbate 
(phenol). Results from this test showed that the specific area in the microwave treated 
samples did not differ noticeably from the original sample. The changes, however, were 
found to be larger in the samples treated in the electric furnace. Results on regenerating the 
saturated AC samples showed that; 
• Operating temperature of the bed was attained a lot quicker with microwaves as opposed 
to the electric furnace (i.e. 4 minutes as opposed to 10 minutes). 
• Microporosity and mesoporosity was higher in the samples irradiated with microwaves as 
compared to the samples treated in the EF. 
• On treatment in the electric furnace, the adsorption capacity of AC gradually decreased 
with increasing cycles. With microwave heating however, an increase in capacity at first 
followed by a slight decrease was evident. 
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• After six regeneration cycles, a 70% reduction in capacity of the microwaved samples, and 
an 82% reduction in capacity of samples from the electric furnace resulted. 
Along with addressing the technical feasibility of microwave regeneration, Schmidt and Price 
(1998) identified some important operating variables namely; column flow configuration, 
adsorbent selection, regeneration purge method, regeneration system pressure and final 
regeneration coverage, for  a full scale microwave regeneration plant. Here, two VOC 
emission streams, typically obtained from a large scale printing facility, were chosen as part 
of this study. The first stream contained a concentration and flow rate which was 
representative of a plant in which VOCs were emitted into the building permanent and total 
enclosure. The second stream was of the same flow rate but contained a concentration 
consistent with close capture collection at the print nip. The VOC used for these experiments 
was methyl ethyl ketone since it is a common industrial solvent and, the adsorbents used 
were; Dowex Optipore and UOP molsiv high silica zeolite (MHSZ). Thus, design studies 
were conducted and computer models were built to; (i) simulate the performance of various 
process configurations, and, (ii) investigate the effects of the identified operating parameters 
on economics and performance. Design studies on three regeneration configurations namely; 
(i) vacuum purge microwave regeneration with atmospheric pressure condensation, (ii) 
vacuum purge microwave regeneration with a refrigerated condenser, and, (iii) inert-purge 
microwave regeneration with heat recovery, were carried out. The researchers found that the 
performance and economics of both adsorbents were nearly the same and the high capacity 
and ease of regeneration of both adsorbents compensated for the high adsorbent inventory 
cost. The less expensive adsorbents such as activated carbon and molecular sieves on the 
other hand were found as having low working capacities, high desorption temperatures and 
more microwave power consumption. Schmidt and Price (1998) also pointed out that Dow 
and MHSZ possessed relatively low loss factors as compared to activated carbon, which 
implied that more uniform heating due to longer microwave penetration depths. Due to lower 
refrigeration and microwave costs, microwave regeneration was found to favour vacuum 
purge rather than a flow of an inert gas stream during regeneration.    
In another paper, Price and Schmidt (1997) performed experimental studies where low 
pressure microwave regeneration was carried out for methyl ethyl ketone, water, toluene and 
n-propyl acetate on Dowex Optipore, 5A and 13X, and, UOP MHSZ. The bench scale 
experimental setup of the adsorption/desorption process is shown in Figure 2.4. 
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Figure 2.4: Experimental setup for microwave regeneration  
(Source: (Price and Schmidt, 1997)) 
A mode stirrer was installed in the multimode (or microwave chamber) to ensure uniform 
dielectric heating within the adsorbent. Price and Schmidt (1997) concluded that microwave 
regeneration resulted in high mass transfer rates. The results obtained in this study, however, 
differ from those presented by Roussy et al. (1984). This is because, during regeneration, 
Roussy et al. (1984) employed an ambient air purge as opposed to a vacuum purge (which is 
used by Price and Schmidt (1997)) thus resulting in high mass transfer resistances. Roussy et 
al. (1984) also stated that desorption of adsorbate molecules is independent of the bed 
temperature and is caused by the electromagnetic field. Once again this hypothesis was 
disproved by Price and Schmidt (1997) who found that desorption in a magnetic field is a 
function of adsorbent bulk temperature and is consistent with the adsorption isotherms, but 
with high mass transfer rates. With regards to the heat up and desorption rates, large variation 
in these values among different materials combinations were reported by Price and Schmidt 
(1997), due to the various loss factors employed. The heat up rates of the low loss adsorbents 
depended on the solvent/adsorbate loss factor while the high loss factor adsorbent/solvent 
combination heated up very quickly and resulted in higher final regeneration temperatures. 
On conducting an economic feasibility study, Price and Schmidt (1998) demonstrated that for 
the type of emissions streams conditions assumed, microwave heating offers an attractive 
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alternative to conventional heating. They concluded that the microwave equipment cost is 
offset by the decrease in size of the recovery system. A summary of the conditions that were 
found, by the authors, to favour the use of microwave regeneration is as follows; 
• A solvent that is expensive enough must be used in adequate quantity to ensure a large 
income and to yield a net cost savings. This is because conventional regeneration also 
provides satisfactory concentration ratios for economic incineration. 
• Recovery of water soluble compounds is challenging for conventional steam or inert 
stripping. Hence microwave regeneration is most appropriate for such systems since in 
some cases it promotes selective adsorption.  
• Microwave regeneration is suitable for low concentration emission streams. This is 
because solvent recovery requires high concentrations ratios which are easily attainable 
with microwave regeneration. 
Table 2.2 contains a list of other inventions based on VOC capture, and recovery techniques 
employing microwaves. 
2.3.2 Industrial installations 
In an overview by Bathen (2003), three industrial installations have been reported until 2003. 
A pilot plant was built by Canada Ontario hydro technologies for the regeneration of AC 
from fluidised washing processes in gold ore beneficiation. Here the AC was pre-dried and 
then irradiated with microwaves in a reaction chamber. The second installation which was a 
small scale adsorber for drying and cleaning was presented by Arrow Pneumatics. Here 
microwaves were used to regenerate standard gas bottle filled with activated alumina. The 
third application by Plinke GmbH & Co, consisted of a fluidised bed adsorption coupled with 
a moving bed desorption. A polymeric adsorbent was used for this process which involved 
transferring the adsorbent from adsorption to desorption via an airlift. The desorption process 
was carried out using microwaves.  
Cherbański and Molga (2009) reported two more installations until 2009. The first 
installation by C.Y. Cha was employed for the purpose of purification of contaminated air. 
The process itself involved adsorption of the VOCs using GAC, and, regeneration of the 
spent adsorbent using microwaves. A zeolite adsorber and its microwave regenerator were 
incorporated into the process design for air streams containing acid gases and/or ammonia.  
The second system by S.H. Opperman and R.C. Brown, was applicable for a broad range of 
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VOCs on a polymeric adsorbent. The process involved microwave desorption under vacuum 
conditions and recovery of desorbed vapours as condensed liquid. Here, a fixed bed was used 
for flowrates up to 8.5 m3/min, and a fluid bed was employed for flowrates greater than 708 
m3/min. 
Price and Schmidt (1998) successfully demonstrated the technical feasibility of a laboratory 
scale microwave regenerated adsorption system. A mention of a plan of retrofitting an 
adsorption field test unit with a microwave desorber, and, thereafter operating it at a 
demonstration site in 1999, was also made in their research paper. However, no such 
information (i.e. on the execution of the plan) was found till date.  
The study conducted in this work investigates the technical and economic feasibility of 
complete demonstration scale capture and regeneration system, which has been tested at a 
printing facility (Aaron Printing). The performance of two adsorbents namely; Dowex 
Optipore V503 and Activated carbon will be studied in this analysis. Additionally, the effects 
of IPA and water adsorption on each of these adsorbents will be analysed since no literature 
pertaining to the co-adsorption effects of these vapours on AC and Dow has been found by 
far. As mentioned previously, and unlike the experiments conducted in previous papers, the 
experiments conducted in this investigation involve testing an adsorption system (capable of 
capturing certain VOCs) in a real environment comprising of various uncontrolled variables 
such as temperature, IPA inlet concentration and humidity. 
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Table 2.2: A list of some patents containing VOC capture, and VOC regeneration techniques using microwaves 
Patent title Description of the invention Reference 
Air purification 
apparatus including high 
temperature regenerated 
adsorbent particles 
Air purification bead (divinylbenzene spherical bead) for removing volatile organic 
compounds. Examples  of the VOCs include;  gasoline, benzene, typical chlorinated solvents,  
various alcohols,  esters,  acid gases etc. 
(Hayes, 1989) 
Apparatus for 
continuously cleaning 
solvent from waste air 
Apparatus contains two receiving towers, each containing an evaporator housing for the 
receiving medium, a microwave generator, a vacuum pump and a condenser. 
(Meier, 1990) 
Method for regenerating 
particulate adsorbents 
Method and apparatus for in-situ regeneration of particulate adsorbent in a vessel. Method 
involves heating the adsorbent (Activated carbon) using microwaves, passing the inert gas 
through the adsorbent, chilling the inert gas to collect condensed adsorbate, reducing the 
pressure of the vessel and chilling the remainder of the gases to condense adsorbate. 
(Tiggelbeck and 
Goyak, 1993) 
In place regeneration of 
adsorbents using 
microwaves 
Apparatus built for selectively regenerating (using microwaves) a portion of the bed in an 
adsorption system, while the rest of the bed is still involved in adsorption. The adsorbent bed 
is divided into several sections by a frame. A movable regeneration carriage assembly 
(containing a microwave device) regenerates each isolated section of the bed. The isolated 
section is then swept away by a purge gas. 
(Woodmansee and 
Carroll, 1993) 
Gas adsorption and 
desorption method 
Adsorption of a mixed gas onto an adsorbent is commenced whilst the adsorbent is irradiated 
with microwaves. This is to enable selective adsorption of the component with a lower 
dielectric loss factor. Desorption is performed by contact with a desorbing gas in the presence 
of microwaves. 
Adsorbents: silica gel, alumina, zeolite, titania, a clay mineral or a particulate synthetic resin 
(i.e. with a dielectric loss of < 0.01) 
Adsorbates: two components where the adsorbable component has a dielectric loss at least 10 
times less than that of the second compoment. 
(Kobayashi et al., 
1994) 
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Patent title Description of the invention Reference 
Regenerative apparatus 
for recovery of volatiles 
Invention involves the adsorbent media within an annular media chamber and an elongate 
tubular waveguide extending coaxially through the media chamber (i.e. such that it is 
surrounded by the media chamber). The microwave travels through and is emitted radially 
outward through the waveguide both circumferentially and axially for uniform heating within 
the chamber. Suction is used for removal of the desorbed volatiles. 
(Opperman and 
Arsenault, 1996) 
Process for microwave 
gas purification 
Gas purification occurs in the presence of microwaves and carbonaceous materials. 
Decomposition of the adsorbed impurities is initiated at near ambient temperature and 
pressure. 
(Cha, 2002) 
Method of recovering 
and/or removing organic 
compounds from gas 
streams 
Using an adsorber for removal of organic compounds from the gas stream and desorbing the 
adsorbed compounds using microwaves. The adsorber is a mixture of finely dispersed 
hydrophilic and hydrophobic adsorbent. 
Adsorbates that have been proved efficient: acetone, cyclohexane, acetic ester, ethanol, 
propanol and toluene. 
(Schmidt-Traub et 
al., 2003) 
Microwave heating 
system and method of 
removing volatiles from 
adsorbent materials 
The main components of the heating apparatus include a first end and a second end, a channel 
in communication with the first end of the vessel and a radiation source for heating the vessel. 
A lateral waveguide is also is coupled to the radiation source and disposed within the channel 
for transmission of energy to the vessel to heat the saturated adsorbent. The vessel comprises 
of dielectric material (at least one of graphite, silicon carbide powder, alkaline silicate salts, 
ceramic, and combinations) that absorbs the energy from the radiation system. 
(Opperman, 2009) 
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3 Adsorbent Characterisation 
3.1 Introduction 
The water vapour present in air is often a component in gas streams and is certainly a 
significant component in the air drawn from the printing machines. Therefore the 
performance of the gas adsorption process depends on the adsorption of the VOC in the 
presence of water vapour. Rudisill et al. (1992) and Gao et al. (2002) provide an analysis of 
the co-adsorption effects of certain VOC (i.e. acetone and n-hexane, and, benzene 
respectively) and water on AC. Long et al. (2012) also provides a detailed discussion on the 
effects of water vapour on benzene adsorption on a hyper cross-linked polymeric adsorbent. 
Results from the investigations on both adsorbents showed that the presence of water vapour 
reduces the VOC sorption (adsorption capacity) and alters the kinetics of the adsorption 
process.  
As mentioned in Chapter 1, VOCs are defined as any organic compounds having a vapour 
pressure of 0.01 kPa or more at a temperature of 293.15 K (European Council, 1999). 
Common examples include; benzene, butane, ethanol, propanol, toluene and hexane. This 
section of the report focuses on the analysis of co-adsorption data of one such VOC namely 
IPA, and water vapour onto Dowex Optipore V503, a polymeric adsorbent, and, a coconut 
shell based activated carbon. First, the characterisation of the porous structure of both 
adsorbents was carried out by adsorption of nitrogen using a Coulter SA3100 Series BET 
machine. The BET equation was applied to the nitrogen adsorption data to obtain the BET 
surface area.  
The pure adsorption isotherms for IPA and water vapour at 298 K were obtained using an 
Intelligent Gravimetric Analyser (IGA) supplied by Hiden Analytical Ltd, Warrington, UK. 
The mixture isotherms were also determined using the IGA by a method explained in Section 
3.1.4.  
3.2 Materials 
3.1.1 Adsorbents 
As mentioned earlier, the polymeric resin, Dowex Optipore V503, was one of the adsorbents 
that was used at part of this investigation. As per the certificate of analysis provided by 
Supelco, the surface area, the volume mean diameter and the acidity of the resin were stated 
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as being 1212 m2/g, 1011 microns and a PH of 9 respectively. With regards to activated 
carbon, i.e. the second adsorbent, an ISG 60 with size of 12 x 20 mesh, a particle diameter 
range of 0.85 mm to 1.7 mm, and, an apparent density range of 450 to 550 kg/m3, was used 
for this study. 
3.1.2 Adsorbates  
An HPLC grade isopropanol, with 99.9% purity, was used for all the pure IPA adsorption 
isotherm experiments. The water vapour adsorption isotherms involved the use of deionised 
water. Given that all of the breakthrough experiments were conducted at Aaron Printing, the 
isotherms from the mixture experiments were obtained using the dampening solution from 
Aaron Printing. As will be discussed in detail in chapter 4, one of the main sources of VOC 
(in this case IPA) emissions was identified as originating from the dampening solution. 
Approximately 5 to 10% (by volume) of the solution was found to be IPA, while the rest of 
the solution comprised of water (90 to 95 vol%) and dampening additives (<1%).   
  
3.3 Methodology 
3.1.3 Surface area and pore volume determination 
The Coulter SA3100 is a bench top instrument whose overall function involves 
characterisation of the surface properties of porous and non-porous solids. It measures pore 
size distributions (ranging from 2 to 200 nm diameters) and specific surface area (ranging 
from 0.01 to 2000 m2/g). Nitrogen, is used as the adsorbate for the purpose of determining the 
pore structure of the adsorbent. Outgassing of the sample under vacuum at an elevated 
temperature is a step often conducted prior to the analysis for the purpose of cleaning the 
sample surface. On completion of outgassing, the nitrogen gas gets admitted into the sample 
tube in doses of known volume. The sample, which is now clean, attracts (adsorbs) a certain 
percentage of the total admitted gas. The temperature of the sample is always kept low, using 
a liquid Nitrogen bath, so as to condense the gas onto the sample during adsorption. The 
equilibrium pressure and the corresponding volume, of the gas in the sample tube are 
measured for each dose. As the doses of gas molecules are increased, the amount adsorbed 
and the overall pressure in the sample tube also increases. A record of the increasing pressure 
in the sample tube along with the corresponding volume of gas adsorbed onto the sample is 
defined as an adsorption isotherm. The analysis is considered complete just before the 
pressure reaches the liquefaction threshold. At this point, each pore in the adsorbent is 
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regarded as being completely filled and any more admittance of gas molecules would result 
in pressures high enough to cause gas condensation within the tube. (Beckman Coulter, 2011) 
• Preparation 
The preparation prior to the analysis (the adsorption and desorption process) on the Coulter 
SA3100 simply involved; (i) recording the individual weights of the sample tube and the 
adsorbent, (ii) filling a sample tube with the desired adsorbent, (iii) attaching the loaded 
sample tube, and, a Dewar filled with liquid nitrogen to the machine, and finally, (iv) 
commencing the analysis with a click of a button on the instrument. 
• Methodology 
The stage after outgassing and prior to adsorption involves; immersion of the saturation tube 
and sample tube in liquid nitrogen, saturation pressure measurement (of Nitrogen) and 
freespace measurement. From Figure 3.1 it can be seen that the process of determining the 
saturation pressure involves; (i) evacuating the manifold by opening valves; V-1, V-4 and V-
5, (ii) Filling the saturation tube with Nitrogen gas (by shutting valves; V-1 and V-5 and 
opening V-2) and by doing so, creating a pool of liquid Nitrogen in the saturation tube. The 
pressure at which the Nitrogen gas condenses to a liquid is recorded as the saturation pressure 
and is therefore the liquefaction threshold during adsorption experiments. The freespace 
measurement on the other hand involves; (i) dosing the manifold with Helium at a certain 
pressure, by opening valve V-3, (ensuring that valves V-1, V-2, V-4 and V-5 are closed) 
followed by dosing the sample (closing V-3 and opening V-5) until equilibrium is reached, 
and, (ii) repeating step (i) at a higher pressure. The freespace plot is simply the volume of 
helium added versus the corresponding pressure.  
The adsorption step commences after the sample tube has been evacuated (open valves; V-1 
and V-5, closed valves; V-2, V-3 and V-4). Nitrogen gas is first dosed into the manifold (V-2 
opened and V-5 closed) followed by dosing of the sample (V-2 closed and V-5 opened). At 
this point, and all through the adsorption experiment, valves V-1, V-3 and V-4 remain closed. 
As adsorption takes place, the pressure in the sample tube stabilises at a steady minimum 
value. At this point, the volume of gas adsorbed is recorded and plotted as a data point on a 
volume versus pressure graph. A series of such data points comprises of an isotherm. With 
increasing number of doses, the pressure inside the sample tube increases up to a point where 
the liquefaction threshold is reached, and the last data point is recorded.  
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Figure 3.1: Process flow diagram for isotherm measurements in the Coulter SA 3100  
(Source: (Beckman Coulter, 2011)) 
Removal of the gas from the sample tube in doses of known volume, followed by the 
measurement of the equilibrium pressure and the corresponding desorbed gas volume at each 
stage enables the determination of the pore size. Evidently, the emptying of the larger pores 
(bigger diameter) occurs first, followed by smaller pores. A graph of the equilibrium pressure 
versus the corresponding volume of gas desorbed from the sample can be defined as a 
desorption isotherm. Thus for pore size determination, complete adsorption (i.e. complete 
filling of the pores) must take place in order to determine the behaviour of the adsorbate 
during the process of desorption (i.e. emptying of the pores). The Barrett, Joyner and Halenda 
(BJH) model uses a modified version of the Kelvin equation to determine the pore size 
distribution within the adsorbent.  
The surface area of the adsorbent, on the other hand, is determined by simply measuring the 
monolayer capacity of the adsorbent, and is derived directly from the adsorption isotherm. 
Here, the BET method, which takes into account multilayer formation of adsorbed gas, is 
used to calculate the surface area of porous materials.(Beckman Coulter, 2011) 
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3.1.4 IGA - 002 – Intelligent gravimetric analyser 
 
Figure 3.2: The system components of IGA-002  
(Source: (Hiden Analytical Ltd, 1999)) 
As the name suggests, the IGA instrument (Figure 3.2) uses gravimetric methods for isotherm 
determination. The basic principle of direct gravimetric methods is that the adsorbent pellets 
are first placed on a very sensitive balance in an enclosure, which is temperature controlled 
and the adsorption chamber is thereafter evacuated. A small quantity of pure vapour or gas (at 
a certain pressure) is then admitted into the chamber and the apparatus is left to come to 
equilibrium. The weight of the adsorbent is recorded along with the corresponding pressure 
and temperature. This procedure is repeated for increasing pressure points and plot of the 
pressure and the corresponding weight gain is referred to as an isotherm. The IGA-002 works 
in a similar manner. Some of the main components of the IGA include; a microbalance (± 1 
µg), sample temperature regulation with a recirculating fluid bath (accuracy typically ± 
0.050C) and a turbo pump which achieves ultra-high vacuum (from 10-3mbar). 
Operating procedure used for determination of both, pure and mixture isotherms on 
each of the adsorbents (i.e. Dow and AC) 
The sample of known weight was first outgassed in the IGA, at the minimum achievable 
pressure and a set temperature, until no further weight loss was evident. The pure 
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component/mixture liquid supply located in the vapour reservoir was then degassed fully by 
repeated evacuation and vapour equilibration cycles of the vapour reservoir. Prior to 
adsorption, the vapour pressure ramp rate to the desired pressure was set to 120 seconds in 
order to prevent disturbance to the adsorption pellets and the microbalance. The pressure 
inside the adsorption chamber was controlled by three transducers (with ranges; 0-1 bar/0-
10bar/ 0-20 bar), and was maintained at the set-point by active computer control of the inlet 
and outlet valves. The mass at each pressure increment was recorded and plotted on a graph 
during the course of the experiment (i.e. real-time isotherm plot). The temperature of the 
sample was monitored throughout the experiment and the buoyancy corrections for the 
sample side and the counter balance were carried out throughout the experiment. 
In the case of the mixture isotherms, the total uptake (determined by the IGA) was provided 
as a function of the total pressure. In other words, the IGA instrument used in this research 
was specifically designed for pure isotherms and therefore the individual contributions were 
not measured by the instrument. Thus, equations for predicting the isotherms for IPA/water 
mixture were developed by assuming that the vapour phase composition in equilibrium with 
the liquid mixture in the IGA vapour reservoir (obtained using HYSYS) remained constant 
throughout the adsorption experiments. Additionally, the weight of liquid in the IGA vapour 
reservoir was also measured prior to and after each adsorption experiment so as to check for 
any weight loss that would otherwise result in varying IPA and water compositions thus 
invalidating the assumption made. However, no change in mass in the liquid reservoir was 
evident for any of the experiments conducted, thus, validating the assumptions made. 
Figure 3.3 shows a P&ID of the vapour adsorption setup in the IGA-002.  
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Figure 3.3: IGA-002 Process and Instrumentation Diagram for vapour adsorption  
(Source: Hiden Analytical Ltd, 2015)
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In preparation for the adsorption process, valve PIV2 was always kept open for access to low 
pressure sensors, PIV4 was turned to the left so as to direct the vapours to the adsorption 
chamber, valve EV1 was directed towards the backing pump and the turbo pump (for very 
low pressures) and PIV1 was always kept shut (except during pump zeroing). The air 
admittance valve is always shut except during unloading and loading of the sample. 
Parameters that were adjusted prior to running the isotherm 
• Components: IPA and water were selected for the respective pure isotherm 
experiments. However, the mixture experiments were conducted with water inputted as 
the main component, since, as mentioned previously, multicomponent selection was not 
an option as the version of the IGA used by the University of Surrey was designed only 
for single component sorption analysis.  
• Temperature of the sample: The temperature of the sample is controlled by a water 
bath and therefore the temperature on the water bath was manually adjusted in order to 
obtain the desired sample temperature in the adsorption chamber. 
• Sorption set-points: Sorption set-points are increasing pressure points ranging from 
the minimum achievable pressure on the IGA to the saturated vapour pressure of the 
selected component and was adjusted for each experiment. 
• Pressure range: The pressure range refers to type of gauge (i.e. 0-1 bar/0-10bar/ 0-20 
bar) suitable for a particular isotherm experiment. In case of all the isotherm 
experiments reported in this work, the pressure range was set to automatic since it 
allowed the software to pick the most suitable gauge to use. 
• Pressure regulation: The function of a pressure regulated system is to maintain the 
pressure at the desired set-point during isotherm measurements. Thus, in order to 
prevent any fluctuations in pressure at a given set-point, the pressure regulation was 
turned on for all of the isotherm experiments. 
• Pressure ramp rate: The ramp rate is the time allocated for the pressure to get from 
one set-point to the next. As mentioned previously, the pressure ramp rate was set to 
120 seconds in order to prevent disturbance to the adsorption pellets and the 
microbalance. 
• Minimum and maximum time at each pressure set point: A minimum and 
maximum time of 120 minutes (or 2 hours) was set for the adsorbed phase to get to 
equilibrium with the set pressure.  
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3.4 Results and discussion 
3.1.5 N2 adsorption-desorption isotherms and pore size distribution 
The N2 adsorption-desorption isotherms of Dow and AC are demonstrated in Figure 3.4. 
 
Figure 3.4: Nitrogen adsorption-desorption isotherms for Dow and AC at 77K 
From the figure it can be seen that at low relative pressures (p/po < 0.1), the N2 uptake for 
both adsorbents increases sharply with increasing pressure, thus proving the existence of a 
microporous structure. Micropore area then runs out beyond a relative pressure of 0.1. Figure 
3.4 shows that AC can be classified as an adsorbent with a predominantly microporous 
structure, since most of the pore filling occurs at relative pressures below 0.1. In the case of 
Dow however, the steady increase in uptake between relative pressures of 0.1 and 0.9 
indicates adsorption of the first few multilayers on the surface of meso-pores and macro-
pores followed by capillary condensation resulting in an accelerated uptake at p/po > 0.9. 
Capillary condensation begins with the vapour phase molecules entering the pore. In a 
confined space, higher van der Waals’ force of attraction exist between each molecule 
indicating that less pressure is needed for condensation to occur. Molecules adsorb on a 
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surface because of the force field exerted on them by the pore walls. As more particles enter 
the pore, they attract to each other resulting in multi-layer adsorption. As this process 
continues, a meniscus forms at the liquid vapour interface, which eventually leads 
condensation due to the lower vapour pressure of the liquid. This phenomenon is best 
described by the Kelvin equation which accounts for the lowering of the vapour pressure of a 
liquid in a cylindrical capillary (Tien, 1994).  Hysteresis occurs since the pores of a particular 
size are filled at higher pressure while emptied at a lower pressure. The data for Dow in 
Figure 3.4 exhibits hysteresis. 
Since it has already been established that AC is predominantly microporous (pore diameter < 
2nm) while Dow contains only a proportion of micropores, the pore size distribution within 
the meso-porous and macro-porous region was analysed for both Dow and AC. The pore size 
distributions in Figure 3.5 were determined using the Barret-Joyner-Halenda (BJH) model 
with the pore diameters ranging from 3.19 nm to 190.68, covering the sizes normally 
associated with the terms meso-porous and macro-porous (Beckman Coulter, 2011). 
 
Figure 3.5: Pore size distributions in Dow and AC 
The peak in the pore size distribution for AC (i.e. between 3.34 nm and 4.3 nm) indicates the 
existence of mesopores. This, however, covers a range of pore widths only slightly higher 
than the maximum micropore width of 2 nm. Unlike AC, Dow demonstrates the presence of 
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mesopores (3.34 to 10 nm) and a small fraction of meso-macropores (15 to 80 nm) which on 
filling with adsorbate would result in an accelerated uptake at high relative pressures (p/po > 
0.9), as shown in Figure 3.4. The BET surface area for both, Dow and AC were recorded as 
being 1250 ± 8 m2/g and 1234 ± 25 m2/g respectively. 
3.1.6 Pure IPA vapour adsorption on Dow and AC 
The pure component isotherms for IPA, on Dow and AC at 298 K, are shown in Figure 3.6. 
As mentioned previously, the sharp uptake of IPA at p/po < 0.1 followed by a region of 
steady uptake indicates that AC is predominantly a microporous adsorbent. The difference in 
loading (between the two adsorbents) at pressures greater than 1000 Pa can be attributed to 
multi-layer formation followed by capillary condensation in the meso-pores of the Dow 
adsorbent. 
 
Figure 3.6: IPA adsorption isotherms on Dow and AC at 298 K and po = 5900 Pa 
The three parameter Toth isotherm was found to describe well, systems with sub-monolayer 
coverage. Additionally it is one of the popularly used equations that successfully represent 
the adsorption of gases, at the low as well as the high ends of the pressure range, on 
heterogeneous surfaces. (Terzyk et al., 2003) (Kumar et al., 2011) 
0	  
0.1	  
0.2	  
0.3	  
0.4	  
0.5	  
0.6	  
0.7	  
0.8	  
0	   1000	   2000	   3000	   4000	   5000	   6000	  
Am
ou
nt
	  a
ds
or
be
d,
	  	  (
g/
g)
	  
IPA	  par8al	  pressure	  (Pa)	  
Experimental	  (Dow)	   Toth	  (Dow)	   Experimental	  (AC)	   Toth	  (AC)	  
Chapter 3. Adsorbent Characterisation 
43 
 
Thus the pure alcohol isotherms in this work were fitted using the multi-temperature Toth 
isotherm, as also described by Taqvi et al. (1999) (for NPA on BPL activated carbon) and 
Ambrozek et al. (2014) (for IPA on Dowex Optipore V503). The form used in this work is as 
follows; 
 !!!!" = !(! + !!)!/! (3.1) 
Where, ! = !! exp − !∆!!!"  (3.2) 
and p is the partial pressure of the adsorbate (Pa), qa is the uptake (g/g), qsa is the saturation 
loading of alcohol (g/g), t is the exponent of the Toth isotherm that relates to surface 
heterogeneity ( where t ≤ 1, a value of 1 would indicate a homogeneous adsorption process), 
b is associated with the binding affinity between adsorbate – adsorbent pairs (Pa), b0 is a Toth 
parameter,  ΔHa is the isosteric heat of adsorption (J/mol), R is the universal gas constant 
(J/molK) and T is the temperature at which the isotherm was measured (K).  
Values for qs, t and b0 (shown in Table 3.1) were all treated as fitting parameters and were 
determined by minimising the sum of squared errors. In case of Dow, however, the Toth 
isotherm fails to describe mesopore filling between 5000 Pa and 5500 Pa (as shown in Figure 
3.6). Thus the final data point (i.e. at p = 5493 Pa) was not considered when carrying out the 
curve fitting (Figure 3.6), as it would generate an unrepresentative value for R2. Additionally, 
the pressure range for the mixture isotherms (as shown in Section 3.1.8) lies between 0 Pa 
and 3000 Pa and therefore does not fall in the region of mesopore filling. Hence, excluding 
the final data point would not impact or invalidate any predictions made by the mixture 
isotherms. 
Table 3.1: Parameters for the Toth model 
Adsorbent Dow AC 
qsa (g/g) 0.691 0.3967 
b0 (Pa) 1.75 x 1011 2.86 x 1011 
t 0.875 0.935 
ΔHa (J/mol) 56979 59518 
R2 0.997 0.999 
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The values used for the isosteric heat of adsorption, ΔHa, for each of the adsorbents were 
taken from that obtained by Ambrozek et al., (2014).  
3.1.7 Pure water vapour adsorption on Dow and AC  
The adsorption isotherms for water vapour on Dow and AC were conducted at 298 K and are 
presented in Figure 3.7 and Figure 3.8. The water vapour adsorption data points were first 
fitted using the Toth isotherm, as shown in Figure 3.7. As can be seen from the graph, the 
Toth isotherm is unable to predict water vapour adsorption on both adsorbents. According to 
work presented by Do and Do (1999) and Long et al. (2012), water vapour adsorption on 
adsorbents is predominantly controlled by two factors namely; the surface chemistry and the 
pore size distribution of the adsorbents. The surface functional groups form the primary 
adsorption sites at low relative pressures followed by adsorption on previously adsorbed 
water molecules and eventually pore-filling due to water cluster formation. The results 
obtained by Long et al. (2012) are in agreement with those obtained in this work which 
shows that the polymeric resin possesses the lowest water vapour uptake at low relative 
pressures as compared to activated carbon.  
From Figure 3.8, it can be seen that Dow showed minimal uptake until pressures of about 
1600 Pa as compared to AC, which showed an increased uptake from a partial pressure of 
1000 Pa up until saturation. This characteristic which exhibits a right hand shift in the water 
isotherm (relative to that of AC) can be described by the hydrophobic nature of the Dow 
adsorbent. The steep rise in the adsorption isotherm beyond partial pressures of 2000 Pa and 
1000 Pa for Dow and AC respectively, is attributed to the formation of water clusters. As 
explained by Do and Do (1999), the water clusters are formed as a result of the hydrogen 
bonds between incoming water molecules and the water molecules previously adsorbed on 
the primary sites of the adsorbent (due to the surface functional groups). The size of the water 
cluster increases with the water vapour pressure until a point where the water molecules 
attain a certain dispersive energy with the adsorbent where they detach themselves from the 
secondary sites and enter the micropores. The smallest pores (or the micropores) in the 
adsorbent are filled first followed by filling of the larger pores since, here, more water 
molecules are required to ensure complete pore filling. 
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Figure 3.7: Water vapour adsorption data points (fitted using the Toth isotherm) on 
Dow and AC at 298 K, po = 3150 Pa 
 
Figure 3.8: Water vapour adsorption data points (fitted using the CIMF model) on Dow 
and AC at 298 K, po = 3150 Pa 
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An equation describing the theory behind water vapour adsorption on adsorbents was first 
developed by Do and Do (1999). The Cluster Formation Induced Micropore Filling (CIMF) 
model suggested by Marban and Fuertes (2003) is a modification of the Do and Do (DD) 
model and was therefore used in this study to describe the water isotherms on Dow and AC 
respectively as shown in Figure 3.8. Unlike the DD model which restricts the number of 
water molecules forming a detachable cluster to 5, the CIMF model permits the use of the 
number of water molecules in the cluster as a fitting parameter thus enabling a higher 
refinement in curve fitting. The model is given by; 
 !! = !! !! !(!! !!)!!!!!1+ !! (!! !!)!!!!! + !!" !!(!! !!)!!!!!(!! !!)!!! + (!! !!) (3.3) 
where qw is amount of water adsorbed (g/g), pw is the partial pressure of water (Pa), po is the 
saturated vapour pressure of water (Pa), qf is the concentration of the primary adsorption sites 
(or functional groups) (g/g), n is  the maximum number of water molecules adsorbed onto the 
functional groups, m is the average number of water molecules forming the clusters that 
migrate into pores,  Kf is the equilibrium constant including water chemisorption on primary 
sites and hydrogen binding on secondary sites, qµs is the saturation concentration of water in 
micropores (g/g) and Kµ is the equilibrium constant for water clusters into pores.  
The fitting parameters of the CIMF model are presented in Table 3.2 and were determined by 
minimising the sum of squared errors. As can be seen in Figure 3.8, the CIMF equation fits 
extremely well with the experimental data for both adsorbents. 
Table 3.2: CIMF model fitting parameters 
Adsorbent n m Kf Kµ qf  (g/g) qµs (g/g) R2 
Dowex Optipore V503 40 6.34 6.45 1.45 0.022 0.27 0.999 
Activated carbon 15 3.46 5.13 1.66 0.0311 0.43 0.995 
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3.1.8 Adsorption capacity for IPA/water mixture on Dow and AC  
Like the pure adsorption isotherm, the mixture isotherms in Figure 3.9 and Figure 3.10 were 
obtained using an Intelligent Gravimetric Analyser (IGA) supplied by Hiden Analytical Ltd, 
Warrington, UK. As mentioned previously, in the case of the mixture isotherms, the total 
uptake was provided as a function of the total pressure. In other words, the IGA model used 
in this research was specifically designed for pure isotherms and therefore the individual 
contributions were not measured by the instrument. Thus, equations for predicting the 
isotherms for IPA/water mixture were developed by assuming that the vapour phase 
composition in equilibrium with the liquid mixture in the IGA vapour reservoir (shown in 
Figure 3.3) remained constant throughout the adsorption experiments. Additionally, the 
weight of liquid in the IGA vapour reservoir was also measured prior to and after each 
adsorption experiment so as to check for any weight loss that would otherwise result in 
varying IPA and water compositions thus invalidating the assumption made. 
 
Figure 3.9: Isotherms for an IPA and water mixture using the Dow adsorbent at 298 K 
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Figure 3.10: Isotherm for an IPA and water mixture using the AC adsorbent at 298 K 
As shown in Figure 3.9, two adsorption experiments containing a mixture of IPA and water 
were conducted on the Dow adsorbent. The mixture that was used to obtain each of the 
isotherms in the case of Dow was; 
• Run 1: Liquid mole fraction: IPA = 0.0188 and water = 0.981 (in the vapour reservoir). 
Corresponding vapour mole fraction = IPA = 0.296 and water = 0.704. 
• Run 2: Liquid mole fraction: IPA = 0.033 and water = 0.967 (in the vapour reservoir). 
Corresponding vapour mole fraction = IPA = 0.375 and water = 0.625. 
In the case of AC (Figure 3.10), the isotherm was generated using a mixture that comprised 
of an IPA and water liquid mole fraction of 0.0157 and 0.9842 respectively (in the vapour 
reservoir), which corresponds to an IPA vapour mole fraction of 0.268 and a water vapour 
mole fraction of 0.732. The vapour phase mole fractions used in all the runs were 
determined using HYSYS. 
Appel (1998) developed a model involving multi-component isotherms derived from a single 
equation of state (EOS). This EOS combines pure component isotherms which account for 
behaviour exhibited by the individual species in the mixture with the two dimensional virial 
equations. The coefficients in the virial equation account for non-idealities that arise from 
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multi-component adsorption systems, by providing an adjustment to the loading predicted by 
the pure component isotherms. The following equations were used by Appel (1998) to 
describe experimental data obtained by Taqvi et al. (1999) for co-adsorption of certain 
alcohols (including propanol) and water on activated carbon; 
 !"!! = !"!!,!"#$ + 2!!!"!! + 3!! !!!"!!!! + 32!! !!""!!! +⋯ (3.4) 
     !"!! = !"!!,!"#$ + 2!!!"!! + 32!! !!!"!!! + 3!! !!""!!!! +⋯         (3.5) 
The subscripts a and w represent alcohol and water respectively, p is the partial pressure 
(kPa) and n is the loading (mol/kg). Baw, Caaw and so on are the virial mixture coefficients 
(VMC) and are related to temperature, T, as follows: 
 ! = !! + !! ! (3.6) 
Where, C represents the virial coefficients; Baw, Caaw and so on. The form used in this work 
however, expresses the amount adsorbed, q, as a function of the partial pressure, p, as shown 
below: 
 !"!! = !"!!,!"#$ + 2!!"!! + 3!!!"!!!! + 32!!""!!!  (3.7) 
 !"!! = !"!!,!"#$ + 2!!"!! + 32!!!"!!! + 3!!""!!!! (3.8) 
Where the pure isotherms used for alcohol and water are the Toth (Equation (2.1)) and CIMF 
(Equation (2.4)) isotherms respectively. The virial coefficients in Equation (3.7) and (3.8)  
are presented in Table 3.3 and were determined by minimising the sum of squared errors. As 
can be seen in Figure 3.9 and Figure 3.10, the virial equation fits extremely well with the 
experimental data for both adsorbents (i.e. R2 > 0.995). 
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Table 3.3: Virial coefficients for Dow and AC 
Adsorbent 
Actual IPA 
vapour 
phase 
composition 
generated in 
the reservoir 
(mol/mol) 
IPA Vapour 
phase 
composition 
when used 
as a fitting 
parameter 
(mol/mol) 
Baw Caaw Caww R2 
Run 1(Dow) 0.296 0.280 0 0 0 0.999 
Run 2 (Dow) 0.375 0.4 0 0 0 0.998 
Run 1 (AC) 0.268 0.100 2.7 x 10-4 -2.7 x 10-8 -1.9 x 10-7 0.995 
For the mixture isotherms, the total uptake (IPA + water) was plotted against the total system 
pressure for both, Dow and AC. Thus, for a fixed IPA vapour phase mole fraction, the 
contributions made by IPA and water to the mixture isotherms was predicted using the virial 
equation. Table 3.3 contains the fitting parameters that were used for predicting the isotherms 
for the mixture experiments. From the table it can be seen that all of the virial coefficients in 
Run 1 and Run 2 possess a value of 0, indicating that no adjustment to pure component data 
was required when predicting the isotherms involving the Dow adsorbent. Additionally, the 
vapour phase composition that generated the closest fit to the experimental data for runs 1 
and 2 was within 5.4% and 6.6 % off the actual vapour phase composition generated in the 
vapour reservoir in the IGA. A possible explanation for such ideal behaviour lies in the shape 
pure water isotherm caused by the Dow adsorbent (see Figure 3.8). Minimal uptake at 
pressures below1600 Pa was evident followed by a steep rise in uptake at pressures greater 
than 2000 Pa. Therefore, on the basis of the pure water isotherm, it would be safe to assume 
that operating at water vapour pressures below 1700 Pa would result in ideal adsorption i.e. 
adsorption without much competition for active sites. 
In case of the mixture isotherms obtained on using AC, it can be seen that despite the 
adjustment provided by the virial terms, the vapour phase composition that resulted in the 
closest fit to the experimental data was about 60% below the actual vapour phase 
composition generated in the vapour reservoir in the IGA. Once again, a possible explanation 
for such non-ideal behaviour lies in the shape of the pure water isotherm caused by AC (see 
Figure 3.8). Here pore filling evidently occurs at pressures from 1000 Pa. Therefore, 
competition for adsorption sites could potentially commence from a pressure which is lower 
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than that of Dow (which is 1700 Pa). It can therefore be concluded that, for AC, the 
assumption of constant IPA vapour phase mole fraction throughout the adsorption experiment 
is invalid, and, a study of such non-ideal behaviour on AC would require measurements of 
the individual contributions made by IPA and water. 
A study conducted by Taqvi et al. (1999) proved that at high water loadings NPA is driven 
from the pores of the AC adsorbent as a result of competition among adsorbate molecules. In 
other words, as part of the operating procedure, the alcohol was first loaded onto the 
adsorbent (at a known loading) followed by a series of water injections with vapour phase 
sampling (on reaching equilibrium) after each injection, until the saturation pressure of the 
water was reached. Results showed that the partial pressure of NPA was seen to increase 
throughout the course of both experiments i.e. at 250C and 1000C (a gradual increase at first, 
followed by a rapid increase). Such behaviour was attributed to the competitive nature of the 
adsorbates, since increasing the water loading would result in filling of the micropore volume 
(with water), thereby driving away the alcohol molecules from the AC pores. Thus, the 
results in Table 3.3 for AC can also be explained by the findings of Taqvi et al. (1999) since 
as the micropore volume begins to fill up, water drives some of the already adsorbed alcohol 
molecules from the pores of the AC thus resulting in low alcohol loading eventually. The 
theory presented in this study however, is based on fitting using the virial equation and can 
therefore only be confirmed by conducting several trials at varying compositions of IPA and 
water.  
3.5 Summary and Conclusions 
The characterisation of the porous structure of both adsorbents was carried out by adsorption 
of Nitrogen gas using the Coulter SA3100 Series. The BET equation was applied to the 
Nitrogen adsorption data to obtain the BET surface area. From the N2 isotherms and the pore 
size distributions, it has been proved that at low relative pressures (p/po < 0.1), the N2 uptake 
increases sharply with increasing pressure, thus proving the existence of a microporous 
structure in both adsorbents. AC is predominantly a microporous adsorbent since pore filling 
beyond a relative pressure of 0.1 ceases to take place. In the case of Dow however, the 
presence of mesopores (3.34 to 10 nm) and a small fraction of meso-macropores (15 to 80 
nm) was evident from the pore size distribution. 
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The pure adsorption isotherms at 298 K were obtained using an Intelligent Gravimetric 
Analyser (IGA) supplied by Hiden Analytical Ltd, Warrington, UK. The pure IPA data for 
both adsorbents were best described by the multi-temperature Toth isotherm, while, the 
CIMF model fitted extremely well to the pure water isotherm for both adsorbents. The pure 
IPA data further proved the presence of micropores in AC and micropores and mesopores in 
Dow. On comparing the pure water isotherm data for both, Dow and AC, it was evident that 
Dow was more hydrophobic than AC since it possessed the lowest water vapour uptakes at 
the low pressure range. In other words, Dow showed minimal uptake until pressures of about 
1700 Pa as compared to AC which showed an increased uptake from a partial pressure of 
1000 Pa up until saturation. 
The mixture isotherms were also determined using the IGA. However, given that the IGA 
model used in this research was specifically designed for pure isotherms, the virial equations 
were developed by assuming that the vapour phase composition remained constant 
throughout the adsorption experiments. The VMC method by Appel (1998) was used to 
describe binary equilibrium for both, Dow and AC. This model was modified to incorporate 
the multi-temperature Toth isotherm (for IPA) and the CIMF isotherm (for water), so as to 
enable prediction of IPA and water loading given their respective partial pressures. A set of 
virial coefficients, which provide the adjustment to pure component adsorption, generated an 
extremely good fit to experimental data were determined by minimising the sum of squared 
errors.   
The results from the mixture experiments involving Dow showed ideal adsorption in that all 
of the virial coefficients in both runs (of different vapour composition) possessed a value of 
0, indicating that no adjustment to pure component data was required when predicting the 
isotherms. Highly non-ideal behaviour was evident with the mixture isotherms obtained on 
using AC. Such behaviour was attributed to pore filling thereby resulting in competition for 
adsorption sites starting from water vapour pressures of 1000 Pa as opposed to 1700 Pa in the 
case of Dow. Thus, filling of micropores with water molecules would lead to alcohol 
displacement and thereafter, low alcohol loading eventually. It was therefore concluded that, 
for AC, the assumption of constant IPA vapour phase mole fraction throughout the adsorption 
experiment is invalid, and, a study of such non-ideal behaviour on AC would require 
measurements of the individual contributions made by IPA and water. 
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4 IPA capture at a lithographic printing press 
4.1 Introduction 
In this chapter, principles of sheet-fed lithographic printing are explained. A full description 
of the prototype set-up (at the printing press) and the experimental apparatus is thereafter 
provided. The main body of this chapter contains descriptions of some standard operating 
procedures of key adsorption experiments conducted, followed by a detailed discussion on 
the outcome of each of the experiments. A comparison between experimental and predicted 
data is thereafter presented. The isotherms described in Chapter 3 were used to predict IPA 
and water loadings, while, a mathematical fixed bed model, compiled on Matlab, was used to 
predict breakthrough curves. The chapter is concluded with an assessment on the efficiency 
of the capture system at the printing press. 
4.1.1 Principles of sheet-fed lithographic printing 
One of the main experiments that formed a part of this study involved testing a prototype at a 
lithographic printing company (Aaron Printing, West Molsey, UK).  
 
Figure 4.1: The lithographic printing process  
(Source: (Print Media Technology, 2015)) 
Lithography works on the principle that oil and water do not mix. The printing plates (i.e. the 
plate cylinder) that are used in this process have a hydrophilic non-image area that repels ink, 
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and an image area (hydrophobic area) that attracts ink. As can be seen in Figure 4.1, the 
dampening solution contained in the trough, is picked up by the dampening rollers (i.e. the 
rollers covered in blue in the image) and is used to keep the printing plates dampened at all 
times. These dampened surfaces or non-image surfaces on the plate repel the ink that is 
applied to the plate. As the plate cylinder rotates, the ink from the image area gets transferred 
onto the blanket cylinder and is thereafter pressed onto a sheet of paper trapped between the 
blanket cylinder and impression cylinder. The rotary motion of the blanket cylinder and the 
impression cylinder pulls the sheet of paper through the machine. The lithographic printing 
presses at Aaron printing work on the same principle. Additionally, results obtained on 
analysing a several samples in the gas chromatograph showed that the dampening solution 
contains approximately 5 to 10% of IPA (by volume). 
4.1.2 Dampening solution circulator 
The dampening solution circulator is essentially a recycle loop that supplies and maintains 
the alcohol/water compositions and the solution levels in the troughs of each of the printing 
units. The circulator that is currently employed by Aaron printing is known as the Beta.c 
combination unit. As shown in Figure 4.2, the dampening solution from the main tank is 
continuously pumped to each of the five units in order to keep the printing plates dampened 
at all times. The solutions from the troughs are then pumped back to the main tank, thus 
constantly maintaining the solution level in each of the troughs.  
The Alcosmart AZR (which is located at the main tank), is an alcohol stabilizer which 
measures and controls the amount of IPA contained in the main tank. It uses an infrared (IR) 
detector that measures the IPA composition in the gas phase. When low compositions are 
detected, adequate amounts of pure IPA from a separate container gets drawn into the main 
tank so as to maintain the set composition. The IPA composition itself is set by the printer. 
Figure 4.3 contains an image of the Alcosmart AZR. 
The Fluidos dosing system (which is always connected to the water supply), on the other 
hand, operates hydro-dynamically. In other words, it uses the water pressure directly from the 
water supply. This dosing system comprises of a dosing pump that draws in a volume of the 
dampening additive (from a separate container) which is always in proportion to the amount 
of water flowing through the upper drive component of the pumps itself. The desired 
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concentration is set by turning the suction cylinder and reading off a scale. An image of such 
a system is shown in Figure 4.4. (Technotrans, 2013)  
 
 
Figure 4.2: Process flow diagram showing the dampening solution circulator at Aaron 
printing  
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Figure 4.3: The Alcosmart AZR  
(Source: (Technotrans, 2003)) 
 
 
Figure 4.4: The Fluidos dosing system Process flow diagram 
(Source: (Technotrans, 2013)) 
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4.2 An overview of the prototype 
A prototype was designed and constructed with a purpose of establishing the ability of 
adsorbents such as AC and Dow to capture certain VOC’s (namely IPA vapours) from the 
atmosphere of a printing facility (in this case, Aaron Printing). The adsorption process 
involves sucking the evaporated IPA vapours (from the dampening solution trough) through 
the adsorbent until complete saturation is achieved. The key apparatus that formed part of this 
adsorption process are described below. 
4.2.1 Apparatus 
Numatic Vacuum Cleaner (WV470-2): 
 In order to initiate a flow of IPA through the adsorbent, a Numatic vacuum cleaner (Figure 
4.5) was chosen so as to provide the suction necessary to draw in and thereafter, direct the 
IPA vapours through the bed for the purpose of adsorption. With a suction of negative 25 
kPa, this vacuum cleaner consists of a flexible hose, a cylindrical container (i.e. the main 
body) and a motor. A primary platform was first screwed tightly and sealed (using a rubber 
sealant) onto the main body of the vacuum cleaner in order to support the cartridge and hold 
it in an upright position. The rubber sealant was used to seal of any gaps between the primary 
platform and the main body of the vacuum cleaner, therefore preventing bypassing of IPA 
vapours during the adsorption process. 10 stainless steel threaded rods were then used to 
secure the cartridge onto the platform prior to adsorption. The exhaust (located above the 
motor) was used as the outlet sample point during breakthrough experiments. The cross-
sectional area of the main body of the vacuum cleaner (along with the attached cartridge) is 
shown in Figure 4.8.  
The Cartridge: 
The cartridge itself is a simple container that houses the adsorbent during the adsorption 
experiments. It is placed inside the main body of the vacuum cleaner during adsorption and 
can be detached from the primary platform for loading and unloading of the adsorbent. Along 
with a cylindrical compartment which carries the adsorbent, the cartridge comprises of a 
secondary platform which provides the means of attachment onto the primary platform of the 
vacuum cleaner. The cylindrical compartment has a diameter and depth of 0.244 m and 0.068 
m respectively, and comprises of a stainless steel mesh fitted at both ends of the cylinder. 
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These meshes have a pore diameter of 1 mm and serve the purpose of containing the 
adsorbent whilst allowing for passage of the vapours through the adsorbent during 
adsorption. A simple mechanical drawing of the cartridge is shown in Figure 4.7. 
Extractor pipe:  
The purpose of the extractor pipe was to draw in and, thereafter, direct the IPA vapours to the 
main body of the vacuum cleaner via a flexible hose. The extractor pipe itself is a simple 
piece of copper tubing consisting of 67 holes with a diameter of 2 mm each. It was encased in 
an aluminium housing so as to orientate the holes correctly. Three metal clips, which provide 
the means of attachment onto the guard (of the printing unit), were fitted onto the extractor 
pipe so as to evenly distribute the weight of the pipe once attached to the guard. Figure 4.6 
shows the extractor pipe, both, by itself, as well as when attached to the guard above the 
trough, at the print works. 
Calibrated ball valve: 
A 13 mm nickel plated brass ball valve was used to control the flow rate of the air being 
sucked through the adsorbent bed. The purpose of this was to obtain an optimum flow rate of 
air for the adsorption experiment. A high flow rate would mean an excess intake of air 
resulting in a dilute flow of IPA through the bed, whereas, operation at a low flow rate would 
defeat the purpose of the prototype since only a small fraction of the total evaporated IPA 
would be sucked through the bed for capture.  The numbers, from 1 to 8, correspond to the 
different ball valve positions (1 being closed and 8 being open). A flow meter (FR5000-1) 
was used to calibrate the ball valve, and the flow rate at each position was obtained. The flow 
rates for every degree opening can be seen on the graph in Figure 4.10. 
Sample points:  
The prototype consists of two sample points, before and after the bed, so as to ensure smooth 
operation of the prototype and to enable determination of breakthrough. The inlet sample 
point (before the bed) was fitted to a T-junction made between the extractor pipe and the 
calibrated ball valve (see Figure 4.6). It consists of a small ball valve with a fitting for the 
VOC meter probe. The outlet sample point, on the other hand, is at the exhaust of the vacuum 
cleaner and operation involves holding the VOC meter probe to the exhaust when recording a 
reading. 
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VOC meter:  
The calibrated handheld datalogging MiniRAE VOC meter is a very sensitive instrument 
capable of detecting VOC concentrations ranging from 0 to 15000 ppm. IPA is one of the 
many compounds that can be detected by this instrument. When switched on (for 
measurement purposes), the IPA laden air that is sucked in, via a pump, is lead into a 
chamber where the IPA is detected using Photo-Ionisation Detection (PID). The VOC 
instrument consists of a probe which, when taking measurements, is inserted into the sample 
point of the Numatic vacuum cleaner. When conducting the adsorption experiments, 
measurements were taken at regular intervals so as to monitor any change in IPA 
concentrations (at the inlet and outlet) with time. 
4.2.2 Material of construction 
The materials that formed part of the construction of the prototype are shown in Table 4.1. 
However, prior to conducting the experiments, the chemical resistivity of each of the 
described materials was considered so as to ensure smooth operation of the prototype. From 
the data presented in the Helcom Response Manual, it was evident that the materials stated in 
Table 4.1are compatible with IPA. 
 
Table 4.1: Materials used for the construction of the prototype 
Equipment Material used 
Extractor pipe Copper 
Main body of the vacuum cleaner Polypropylene 
Cartridge Polyethylene 
Metal meshes Stainless steel 
Primary and secondary platform Polyvinyl Chloride (PVC) 
Flexible pipe that connects the extractor 
pipe to the vacuum cleaner 
Polyvinyl Chloride (PVC) 
Ball valve Brass 
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4.2.3 Prototype images 
 
Figure 4.5: Images showing; a) Rollers and the dampening solution trough (without the 
guard) in a printing unit at Aaron printing, and, b) Prototype setup at Aaron printing 
 
 
Figure 4.6: Images of; a) the extractor pipe and b) the extractor pipe clipped onto the 
guard of the printing unit 
a) b) 
a) b) 
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Figure 4.7: A simple mechanical drawing of the cartridge 
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Figure 4.8: A diagram of the cross-section of the main body of the vacuum cleaner 
containing the loaded cartridge 
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4.3 Pressure drop calculations 
The location of the inlet sample point was determined by the static pressure of the fluid at 
that point. With a static pressure so low downstream of the pipe, the pump in the VOC meter 
would not be able to overcome the suction pressure of the more powerful vacuum cleaner. 
Additionally, this would require the vacuum cleaner to be turned off when acquiring samples. 
Therefore a pressure drop calculation across the prototype was conducted in order to 
determine an optimum location for the inlet sample point thereby enabling sampling without 
turning off the vacuum cleaner.  
1) Pressure drop across the holes of the extractor pipe; 
The pressure drop across each hole can be represented in terms of velocity through each of 
the distributor holes, Udo, and the discharge coefficient, Co as follows; 
 ∆!!" = 1!!! !! !!" !2  (4.1) 
 
2) Pressure drop across the extractor pipe:  
 
Section	  
1
Section	  
2
Section	  
n
Section	  
3
 
 
Figure 4.9: A schematic of the extractor pipe 
The pressure drop across the perforated extractor pipe was calculated by first separating the 
pipe into discrete sections and then using the summation method presented by Greskovich 
and O’Bara (1968). 
 Ud1 
 
Length of the pipe, Ldis 
 Udo  Udo  Udo  Udo 
Ud2 Ud3 Udn 
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Given that the distributor holes are of the same size, and based on the assumption that there is 
no maldistribution of fluid throughout the pipe, the velocity of the fluid into each side port 
was considered equal i.e. Udo.  
Thus, for the case of n holes, the velocity in each section of the pipe, ui (m/s), was calculated 
as follows; 
 !!" = 1− (! − 1)! !!! (4.2) 
Where i = section number and subscript d refers to distributor. 
From the Bernoulli equation; 
 
 !!!" + !!!2! + !! = !!!" + !!!2! + !! (4.3) 
Where, P1 and P2 are the pressures at point one and two respectively (Pa), U1 and U2 are the 
fluid velocities at point 1 and 2 respectively (m/s), z1 and z2 are the vertical heights at point 1 
and 2 respectively (m), ρ is the density of the fluid (kg/m3) and g is the gravitational constant 
(m/s2). 
In this case, z1=z2, since the pipe is in a horizontal position. 
Thus the pressure drop due to kinetic energy (K.E) losses, in each section of the extractor 
pipe (Figure 4.9) was calculated as follows; 
 
!!(!!!)! − !!"! = !!"!2 − !!(!!!)!2  (4.4) 
For the entire distributor; 
 
!!" − !!!! !.! = 12 !!!! − !!!! + !!!! − !!!! +⋯+ !!(!!!)! − !!"!  (4.5) 
On combining equations (4.2) and (4.5), the simplified equation generated was; 
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∆!!! !.! = 12 1− 1!! !!!!  (4.6) 
The flow of fluids through pipes brings about a force that opposes the flow of the fluid itself, 
known as frictional resistance. This however is not accounted for in the Bernoulli equation 
and therefore the fanning friction factor was used to represent the pressure losses due to 
friction (equation (4.7)); 
!!(!!!) − !!"! !"#$%#&' = 2!!!(!! !)!!!!!! + 2!!!(!! !)!!!!!! +⋯+ 2!!,!(!! !)!!"!!!  (4.7) 
Thus, combining equations (4.2) and (4.7), a generalised equation for frictional losses in the 
extractor pipe was obtained; 
 
∆!!! !"#$%#&' = 2!!,!"!!!!!!!! ! − (! − 1)! ! !!!!!  (4.8) 
Where ΔPd = (Pd(i+1) - Pdi), fd,avg is the average fanning friction factor, Ld is the length of the 
pipe and Dd is the diameter of the distributor (m). 
The total pressure drop across the pipe; 
∆!! !"#$% = 12 1 − 1!! !!! !.! + 2!!"#,!"!!"#!!!! ! − (! − 1)! ! !!!!! !"#$%#&' (4.9) 
Equation (4.9) can be further simplified since plotting the summation term (in the frictional 
pressure drop equation) with respect to the number of holes results in an asymptote of 0.33 
for large values of n (Greskovich and O’Bara, 1968). Thus when n is sufficiently high (in our 
case n = 67), the total pressure drop equation reduces to; 
 
∆!!! !"#$% = 12 1− 1!! !!!! !.! + 2!!,!"!!!!!!!! (0.33) !"#$%#&' (4.10) 
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3) Frictional pressure drop across the vacuum cleaner pipe  
The following equation was used to calculate the frictional pressure drop across the vacuum 
cleaner pipe; 
 ∆!!"!# = 12!!!!!"!# 4!!"!#!  (4.11) 
Where fpipe can be determined from the Churchill equation (equation (4.12)); 
 
1!!"!# − 4!"#!" 0.27!! + 7!" !.!  (4.12) 
And, 
 !" = !!!"!#!!"!#!  (4.13) 
4) Pressure drop across fittings 
Frictional and other resistances to flow are also found in other elements of pipework systems 
(i.e. sudden expansions, bends, valves etc) and therefore contribute towards the overall 
pressure drop of a given system. The method of velocity heads, in which the resistance is 
expressed as a pressure drop in terms of multiples of (1/2)ρU2m, was employed in these 
calculations. 
Table 4.2: Pressure drop expressed as velocity heads 
Fitting Multiple of (1/2)ρU2m, (Pa) 
2 x 900 bend 0.7 x 2 
Pipe exit 1 
Pipe entry 0.5 
Total 2.9 
5) Pressure drop across the packed bed 
The pressure drop across the packed bed was calculated using equation (4.14) i.e. the Ergun 
equation; 
 
∆!!"#!!"# = 180!!!"# 1− ! !!!!!! + 1.75!!!"#! (1− !)!!!!  (4.14) 
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6) Pressure drop across the ball valve 
For a ball valve 450 open, the velocity head is equal to 8.16 (Pereira and Ramos, 2010). Thus 
given the diameter and the flow rate through the ball valve, the pressure drop across the ball 
valve was calculated using the velocity head equation. 
From experimental analysis, the flow rate through a 1/2 open ball is estimated to be 320 
litres/min. The total pressure drop through the system corresponding to this flow rate with the 
ball valve 1/2 open is approximately 23,397 Pa. Of this value, a pressure drop of 22,204 Pa is 
attributed to the fluid flowing through the 1/2 open ball valve. The pressure drop through the 
other components of the system, totalling 1193.19 Pa, is presented in the following table.  
Table 4.3: Pressure drop across each component in the prototype	  
Component Pressure Drop (Pa) 
Extractor Pipe 667 
Fittings 168 
Vacuum Cleaner Pipe 223 
Bed 134 
TOTAL 1193 
 
Location of the inlet sample point; 
Thus, the alternate set-up involved placing the sampling point upstream of the ball valve. The 
higher static pressure in the pipe at the sampling location would enable the VOC meter to 
obtain samples with the vacuum cleaner still running, thereby saving time. 
4.4 Experimental procedures 
4.4.1 Optimal conditions for operation at the print works 
A few tests were conducted around the factory for the purpose of; (i) determining the point of 
maximum IPA evaporation on the press, (ii) determining the optimal conditions for 
adsorption, and, (iii) comparing the amount of IPA evaporating from a unit in operation as 
opposed to that from a unit not in operation. These tests involved sampling at all five units; 
(i) at various locations on the printing press,  
(ii) at the inlet sample point of the prototype, during printing times and during the times 
that the press was not in operation, and,  
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(iii) at the trough of each printing unit, during printing times and during the times that the 
press was not in operation.  
4.4.2 Relationship between IPA concentration and flowrate at the print works 
An experiment which involved running the prototype without the cartridge was conducted at 
Aaron printing so as to ensure proper functioning of the prototype. The purpose of this 
experiment was also to determine the relationship between the IPA concentration and the 
flow rate of the IPA laden air being sucked into the vacuum cleaner. 
Operating procedure: The main components of the prototype were transported to Aaron 
Printing where it was first assembled (Figure 4.5) before operation. Since maximum 
evaporation of IPA occurred at the dampening solution trough, the extractor pipe was 
attached to the guard protecting the dampening rollers so as to ensure maximum capture of 
IPA. The experiment itself involved setting the ball valve position to 8, starting the vacuum 
cleaner and thereafter measuring the IPA at the inlet sample point using the VOC meter. This 
operation was repeated for ball valve positions; 7, 6, 5 and 4, where, for each position 
approximately seven readings were taken. Results for this experiment are shown in Figure 
4.11. 
4.4.3 IPA capture at the printing press 
A series adsorption experiments which involved the use of AC and Dow as the adsorbents, 
were carried out at the print works. The purpose of these experiments were; (i) to obtain a 
breakthrough curve for IPA on each of the adsorbents, (ii) to determine the time to 
breakthrough for the individual adsorbents, (iii) to deduce the weight gain in each of the 
adsorbents, once saturated, and, (iv) to determine the percentage IPA captured by the 
adsorbents, by the end of each experiment. 
For a bed cross-sectional area of 0.0468 m2, the minimum fluidising velocity (Umf), for AC 
and Dow, at the operating temperature and pressure (298 K and 0.788 bar) was calculated to 
be 0.26 m/s. Thus, a flow rate of 320 L/min, which corresponds to ball valve position 5 and a 
superficial velocity (Us) of 0.145 m/s, was used for each of these experiments. The Us at 
position 6 was calculated as being 0.21 m/s i.e. only slightly lower than the Umf.  Additionally, 
as will be proved in section 4.5, the flow rate at the selected ball valve position was also 
found to be low enough to complete an entire adsorption experiment of a reasonable run 
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length. A nylon mesh was added to the top and bottom of the AC bed as a safety precaution, 
to prevent any loss of adsorbent during the experiment. Additionally, a silicon gasket was 
secured between the base of the cartridge and the primary platform inside the main body of 
the vacuum cleaner so as to prevent any bypassing of the IPA vapours. 
Operating procedure: The following procedure was carried out for experiments involving 
both, AC and Dow respectively. However, as a result of undergoing steam activation, around 
5 to 7 % of the total AC weight was stated in the specifications as being moisture. Therefore, 
for AC, an additional step involving drying prior to adsorption was conducted. The drying 
process itself involved; placing a known amount of AC in the vacuum oven (VO), running 
the oven at 120 degrees Celsius for 24 hours and thereafter recording the weight change in 
the AC. The drying process was repeated for intervals of 2 hours until no further weight loss 
was evident. A test to determine the moisture content in Dow was also carried out using the 
drying procedure as that used for AC. Results from this test showed that Dow is a 
hydrophobic adsorbent since no weight loss was evident. Therefore, in the case of Dow, an 
additional step of drying prior to adsorption was not considered necessary. 
The prototype components were first transported and thereafter setup at Aaron Printing. The 
ball valve was adjusted to position 5, and the vacuum cleaner was thereafter, switched on. 
The main experiment involved running the prototype only for the duration that the press was 
in operation (i.e. during printing jobs). This was since maximum evaporation at the trough 
occurred during the times that printing jobs were fed to the press. The sampling process itself 
involved using the VOC meter to measure the inlet and exhaust concentrations at intervals of 
20 to 25 minutes of printing time. These time intervals, however, were not always kept 
constant due to the varying size of each printing job. A curve showing the fraction of IPA 
exiting the bed versus printing time (i.e. a breakthrough curve), was constructed 
simultaneously on an Excel spread sheet (see Section 4.5). 
Additionally, when conducting the adsorption experiments, the alcohol level in the pure IPA 
container (located at the Beta.c combination unit) was monitored at regular intervals of 10 
minutes. The time and magnitude of any drop in alcohol level was recorded, and, given the 
cross-sectional area of the container, the volume of IPA lost was thereafter calculated. Thus, 
the amount of IPA used by the printing units by the end of each experiment was deduced. 
Samples of the dampening solution from the main tank and the trough were also taken during 
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each of the experiments for the purpose of analysis so as to determine the fraction of IPA and 
water in the main tank and the trough. 
4.5 Results and discussion 
This section of the chapter contains a detailed discussion on the results obtained on 
conducting the experiments stated in the previous section. 
4.5.1 Optimal conditions for IPA capture at the printing press 
In order to adhere to environmental regulations, it was essential to determine the point of 
maximum evaporation at the printing press. Table 4.4 lists some of the main products (and 
the individual components contained in the product) used by the press.  
Table 4.4: List of products used by Aaron printing 
Name of 
product 
Purpose of 
product Components 
Amount 
in the 
mixture 
(vol%) 
Reference 
Hi-Tech 
coatings 
Coating Ammonia, aqueous soln <1 
(Hi-Tech 
Coatings, 2006) 
Combifix 
805519 
Dampening 
additive 
(Water-based 
formulation 
containing 
buffer, 
hydrophilizers, 
surfactants, 
antimicrobial 
agents, alcohols 
and additives) 
2-Brom-2-niropropan-1,3-
diol 
<0.5 
(Stehlin hostag 
Ink Uk (Huber 
group), 2012a) 
  
A mixture of :  
5-chloro-2-methyl-2H-
isothiazol-2-one 
2-methyl-2H-isothiazol-3-
one 
<0.06 
IPA 
IPA (forms part 
of the 
dampening 
solution) 
IPA 95-100 (Stehlin hostag 
Ink Uk (Huber 
group), 2010) Water 0-5 
Deltawash 
Premium 
WM – 
(D1003) 
Surface 
cleaning/ 
Blanket wash 
Hydrocarbons, C9-12, N-
alkanes, Isoalkanes, cyclics, 
(2-25%) aromatics. 
<80 
(Stehlin hostag 
Ink Uk (Huber 
group), 2012b) 
Hydrocarbons, C9, 
Aromatics 
<25 
Mesitylene 10-15 
Chapter 4. IPA capture at a lithographic printing press 
 
70 
 
One of the main sources of VOC (in this case IPA) emissions was identified as being the 
dampening solution since approximately 5 to 10% (by volume) of this solution is IPA. 
Besides IPA, the dampening solution comprises of water (90 to 95 vol%) and dampening 
additives (<1%). As mentioned in section 4.1.2, the dampening solution from the main tank is 
continuously pumped to each of the five units in order to keep the printing plates dampened 
at all times. The solutions from the troughs are then pumped back to the main tank, thus 
constantly maintaining the solution level in each of the troughs. Thus, three sources of IPA 
emissions from the press itself were identified as being; the main tank (located in the Beta.c 
combination unit), the troughs of each of the printing units and the printing cylinder. The IPA 
concentration (with the standard error) at each of the 3 identified locations was measured and 
is presented in Table 4.5. 
Table 4.5: IPA concentrations at various locations on the press 
Main tank (ppmv) 332 ± 25 
Unit number IPA concentration at the trough (ppmv) 
IPA concentration at the 
printing cylinder (ppmv) 
1 586 ± 61 240 ± 21 
2 1028 ± 84 258 ± 29 
3 941 ± 92 310 ± 15 
4 736 ± 145 313 ± 8 
5 1078 ± 42 334 ± 10 
As shown in Table 4.5, it can be seen that maximum emissions originate at the trough of the 
units, followed by; the area around the printing cylinder and then the main tank. It was 
therefore decided to source the feed to the adsorbent (during adsorption), at the trough of the 
unit. 
Operating conditions during adsorption experiments 
As mentioned in section 4.2.1, the purpose of incorporating a ball valve into the prototype 
was to control the flow of air passing through the AC bed. Thus, given the various ball valve 
positions, ranging from 2 to 8, an experiment enabling determination of the air flow rate at 
each of the positions was conducted, and the calibration curve was thereafter plotted (Figure 
4.10). This calibrated ball valve curve was, in turn, used to determine the corresponding ball 
valve position once an optimum air flow rate for the adsorption experiments was calculated. 
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 Figure 4.10: Ball valve calibration curve 
Figure 4.11 shows the relationship between the IPA concentrations at the inlet sample point 
of the prototype, and the flow rate at each of the ball valve positions. It also presents the 
standard error at each IPA concentration.   
 
Figure 4.11: Relationship between the IPA concentration (measured at the inlet sample 
point) and the flowrate at each of the ball valve positions 
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From Figure 4.11, it can be seen that the IPA concentration is fairly constant for flow rates 
ranging from 0.003 m3/s to about 0.009 m3/s, after which, a decrease in concentration is 
evident. The region of constant concentration can be attributed to the fact that the IPA 
evaporation rate at the trough is greater than the rate at which the IPA is being sucked into the 
vacuum cleaner. At higher flowrates, a point on the graph is reached where the evaporation 
rate at the trough is equal to the suction rate. A further increase in flow rate results in IPA 
dilution (as a result of increased air intake) and therefore gradually decreasing IPA 
concentrations at the inlet. Thus, an operating flowrate of 543 l/min (i.e. ball valve position 6) 
would have enabled maximum capture of IPA.  However, as mentioned in section 4.4.3, a 
lower operating flowrate of 320 l/min (Ball valve position 5) was eventually selected for all 
of the adsorption experiments so as to prevent fluidisation. 
After having identified the main source of the emissions (see Table 4.5), a few tests were 
conducted so as to determine the optimal conditions for adsorption. These tests involved; (i) 
measuring the IPA concentration at the feed to the vacuum cleaner during printing jobs and 
during the time that the press was not in operation (no printing job), and, (ii) measuring the 
IPA concentration directly at the trough (i.e. without the vacuum cleaner) during printing jobs 
and during the times that the press was not in operation. The results obtained on conducting 
all of the above tests are shown in Figure 4.12.  
 
Figure 4.12: IPA concentrations measured at each unit, with and without the vacuum 
cleaner, during printing times and during times that the press was not in operation 
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Measurements at the trough (i.e. without the vacuum cleaner) were taken by inserting the 
VOC meter probe through the unit guard and sampling just above the trough. The tests which 
involved using the vacuum cleaner, on the other hand, involved sampling at the inlet sample 
point, and were conducted without the adsorbent bed. The standard error when measuring the 
IPA concentrations at each unit is also shown in Figure 4.12 . The units that were in operation 
whilst the tests were being conducted were; 1, 2 and 3. The tests for each of the four 
scenarios were repeated three times.  
On comparing the concentrations (in Figure 4.12) obtained for the tests with and without the 
vacuum cleaner, it can be seen that the higher IPA concentrations are obtained without the 
vacuum cleaner (around 1000 pmmv with printing jobs and 900 ppmv no printing jobs). This 
is due to the fact that the VOC meter probe was placed just above the trough during sampling, 
thus resulting in higher IPA concentrations. Whereas, in the case of tests involving the 
vacuum cleaner, lower concentrations were apparent (around 750 pmmv with printing jobs 
and 550 ppmv no printing jobs) due to the presence of the unit guard limiting the distance 
between the extractor pipe and the trough (Figure 4.6).  
The higher IPA concentrations during printing times as opposed to non-printing times, in 
both cases; with and without the vacuum cleaner, can be attributed to the speed of the pan 
rollers (one of the dampening rollers) that sits in the trough and delivers the dampening 
solution to the printing plate. The printing press itself comprises of five units; one unit for 
every colour and, each printing job involves printing a certain number of sheets in a given 
time. The speed of the rollers (i.e. dampening rollers, plate cylinder etc.) on each of the units 
depends on the speed at which these sheets are delivered to the press. Thus, an increase in 
delivery speed suggests an increase roller speed. During printing jobs, an increased pan roller 
speed results in increased agitation of the dampening solution at the trough which in turn 
leads to higher IPA concentrations at the trough. The adsorption experiments were therefore 
conducted during printing jobs as opposed to when the press was not in operation. 
Additionally, the non-printing hours often involved turning off the press due to; changing of 
the printing plates for a new job, changing of the ink in the inking unit, replacing the blanket 
on the blanket cylinder, cleaning of the printing plates etc. and troubleshooting. Thus, 
conducting an adsorption experiment under these conditions would result in very low and 
fluctuating inlet concentrations to the bed. The IPA concentrations at each of the units in all 
four scenarios (in Figure 4.12), on the other hand, are approximately similar despite the fact 
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that only three of the five units were in operation during the time of the tests. A possible 
explanation is that, the rollers on all of the units require running at the same speed in order to 
process a given quantity of sheets at the set delivery speed. Therefore, given that the 
dampening rollers on all of the units are operating at the same speed, it can be assumed that 
agitation of the dampening solution is likely to occur at approximately the same rate and 
hence the IPA concentrations at all of the troughs are expected to be the similar.  
4.5.2 IPA capture at the print works 
As mentioned in section 4.4.3, a series adsorption experiments that involved the use of AC 
and Dow as the adsorbents, were carried out at the print works with the purpose of; (i) 
obtaining a breakthrough curve for IPA and water on each of the adsorbents, (ii) determining 
the time to breakthrough for the individual adsorbents, (iii) deducing the weight gain in each 
of the adsorbents, once saturated, and, (iv) determining the percentage IPA captured by the 
adsorbents, by the end of each experiment. All of the adsorption experiments were conducted 
at room temperature. The results obtained for these experiments are shown in the following 
sections.  
4.5.2.1 Breakthrough curves for IPA adsorption onto Dowex Optipore V503 
• Trial 1: 
A total of three adsorption experiments were conducted on the Dow adsorbent. The fraction 
of the average inlet concentration exiting the bed was plotted against time in order to generate 
the breakthrough curves. In addition to the reasons mentioned in section 4.4.3 the first 
adsorption experiment (i.e. trial 1) was conducted as a means of prototype verification. As 
shown by the graph in Figure 4.13, the time taken to saturate the entire bed in trial 1 was 
approximately 250 minutes (4.17 hours) of printing time, which in turn corresponded to about 
3 days in real time. Although a stable bed exit concentration was evident from 200 to 250 
minutes (indicating complete breakthrough), the experiment was carried on for an additional 
250 minutes in order to ensure that complete breakthrough was achieved (i.e. a total of 5 days 
in real time). By the end of the experiment, weight gain in 1.17 kg of fresh Dow, at a flowrate 
(and standard error) of 320 ± 12 l/min, and, an average inlet concentration (and standard 
error) of 770 ± 24 ppmv, was about 0.175 kg (i.e. an uptake of 0.150 kg/kg of fresh Dow).  
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Figure 4.13: Breakthrough curve for IPA on Dow at an inlet flow rate of 320 l/min and 
an average inlet concentration of 770 ppmv 
From Figure 4.13, it can be seen that for the first 60 minutes almost no IPA was detected at 
the exit of the bed thus indicating that virtually all of the IPA in the feed was adsorbed by the 
Dow bed during the first hour.  It is therefore safe to assume that bypassing of the IPA near 
the wall of cartridge has been avoided and that all of the available Dow adsorbent was used 
for the adsorption process. The start of breakthrough occurred just after 60 minutes and a 
gradual increase in IPA concentration at the exit of the bed was seen to take place thereafter. 
The sampling process involved using the VOC meter to measure the inlet and exhaust 
concentrations, and took place at intervals of 20 to 25 minutes during long runs. These time 
intervals, however, were not always kept constant due to the varying size of each printing job.  
Unlike a typical breakthrough curve which stabilises when the bed exit concentration 
equalises with the bed inlet concentration (i.e. at a fraction of 1), the curve shown in Figure 
4.13 plateaus when the fraction of IPA exiting the bed is approximately 0.6. In order to 
determine the underlying cause of such an anomaly, a test involving sampling at the inlet and 
exhaust, in the absence of the adsorbent, was conducted at the print works during printing 
times. This test was conducted at ball valve position 5 (i.e. at the operating flow rate during 
adsorption experiments) and was repeated nine times. The results on conducting the test 
showed that at an inlet concentration (with standard error) of 383 ± 17 ppmv, the exhaust 
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concentration (with standard error) was 255 ± 11 ppmv i.e. a factor of 1.51 ± 0.04 lower than 
the inlet concentration. This factor was seen as being a constant for all the fixed bed 
adsorption experiments. Thus, an additional test determining the cause of the reduction in 
exhaust concentration was conducted. The IPA concentration was measured at the inlet 
sample point, at sample point 1 (located on the fitting connecting the flexible hose to the 
vacuum cleaner) and at sample point 2 (located at the top of the main body of the vacuum 
cleaner), as shown in Figure 4.14. 
 
Figure 4.14: Test for determining the cause of the reduction in exhaust concentration 
The results from the test showed that at an inlet concentration of 335 ± 25 ppmv, the 
concentration at test sample point 1 was around 322 ± 19 ppmv and the concentration at test 
sample point 2 was 319 ± 23 ppmv. It was therefore assumed that the reduction in IPA 
concentration at the exhaust was due to air admittance in the motor section (located in the lid) 
of the vacuum cleaner. This air admittance was later found to be a deliberate aspect of the 
vacuum cleaner design which served the purpose of cooling the electric motor at all times, 
thus preventing it from overheating during operation. A separate fan is incorporated as part of 
the design to draw in air to cool the motor.  
In the case of the breakthrough curves obtained from the rest of the adsorption experiments, 
the exhaust concentrations were scaled up by a factor of 1.5 in order to make allowance for 
the dilution caused by the air admittance. 
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• Trial 2 and Trial 3 
After having verified the prototype, two additional trails were conducted, which served to 
determine reproducibility of the results produced from trial 1. The breakthrough curves from 
all three trials are presented in Figure 4.15. 
 
Figure 4.15: Breakthrough curves for Trial 1,Trial 2 and Trial 3 at inlet concentrations 
of 770 ppmv, 924 ppmv and 1656 ppmv respectively 
As can be seen from the graph, the time taken to saturate the entire bed in trial 2 was 
approximately 270 minutes (4.5 hours) of printing time, which corresponded to about 4 days 
in real time. Since no further change in behavior was evident from about 250 to 350 minutes 
(as also shown the case in trial 1), complete bed saturation was assumed (a comparison 
between the actual loading and that predicted by the IGA is shown in section 4.5.3). By the 
end of the experiment, the weight gain in 1.17 kg of fresh Dow, at an average inlet 
concentration (with standard error) of 924 ± 30 ppmv was about 0.114 kg (i.e. an uptake of 
0.097 kg/kg of fresh Dow). From the breakthrough curve in trial 2 it can also be seen that for 
the first 80 minutes (1.3 hours) almost no IPA was detected at the exit of the bed thus 
indicating that, once again, virtually all of the IPA in the feed was adsorbed by the Dow bed 
during the first hour and 20 minutes. The weight gain in the Dow bed at this point in time was 
recorded as 0.066 kg (i.e. an uptake of 0.056 kg/kg of fresh Dow). In the case of trial 3, the 
0.00	  
0.20	  
0.40	  
0.60	  
0.80	  
1.00	  
1.20	  
0	   100	   200	   300	   400	   500	   600	  
Fr
ac
8o
n	  
of
	  IP
A	  
ex
i8
ng
	  th
e	  
be
d	  
Time	  (minutes)	  
Trial	  1	  (770	  ppmv)	   Trial	  2	  (924	  ppmv)	   Trial	  3	  (1656	  ppmv)	  
Chapter 4. IPA capture at a lithographic printing press 
 
78 
 
time taken to attain 100% saturation was approximately 230 minutes (3.8 hours) of printing 
time, which corresponded to about 2 days in real time. The weight gain in 1.17 kg of fresh 
Dow, at complete saturation and an average inlet concentration (with standard error) of 1656 
± 41 ppmv, was about 0.230 kg (i.e. an uptake of 0.197 kg/kg of fresh Dow). The higher inlet 
concentration in trial 3 as opposed to trials 1 and 2 can be attributed to the higher sheet 
delivery speed employed during trial 3 (A detailed explanation on the effects of change in 
sheet delivery speed on the IPA inlet concentration is provided further on in the report). 
Additionally, the weight gain at 86 minutes (i.e. at the start of breakthrough) was measured as 
being approximately 0.151 kg (i.e. an uptake of 0.129 kg/kg of fresh Dow). On comparing the 
breakthrough curves in Figure 4.15, for trial 1 and trial 2, it can be seen that the results are 
very much reproducible. The higher weight gain in trial 3 can be attributed to a higher bed 
inlet concentration. As also discussed by Zeinali et al. (2010), at high inlet concentrations 
more adsorption sites are covered resulting in increased loading since the same sample of 
adsorbent now contains a larger quantity of adsorbate. At low concentrations however, the 
total amount of IPA entering the macropores is less, resulting in a lower loading (Das et al., 
2004).  
The variations in inlet and exit concentrations with time, for all three trials, are shown in 
Figure 4.16 and Figure 4.17 respectively.  The relatively smooth breakthrough curves and bed 
exit concentration profiles, with only few deviations, can to a certain extent be explained by 
the damping effect that takes place in the bed itself. In other words, the deviations in inlet 
IPA concentrations start to reduce on entering the bed, thereby resulting in fairly stable bed 
exit concentration, as proved in Figure 4.17. The underlying reason for such behaviour lies in 
the isotherm. For instance, consider a system with: (i) a linear isotherm, (ii) fluctuating bed 
inlet concentrations (e.g. low – high – low – high etc.), and, (iii) a small section of a saturated 
bed. At low inlet concentrations, a lower loading is evident on the adsorbent bed. At the 
higher inlet concentrations thereafter, further adsorption takes place to match the equilibrium 
loading at that concentration, thus reducing the IPA concentration in the fluid phase. A 
decrease in the inlet concentration thereafter, results in some desorption in the bed, again, to 
match the equilibrium loading, resulting in a higher IPA concentration in the fluid phase. In 
this manner, fluctuations entering this section of the bed are dampened resulting in smaller 
fluctuations. As these smaller fluctuations travel through subsequent bed sections, further 
dampening takes place resulting in an almost constant bed exit IPA concentration. At 100% 
bed saturation, deviations in exit concentrations, for all three trials, appear to be a lot less 
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compared to the corresponding inlet concentrations (Figure 4.17). Thus, all of the 
breakthrough curves were plotted using an average inlet concentration. 
 
Figure 4.16: Fluctuations in inlet IPA concentrations with time for Trial 1, 2 and 3 
 
Figure 4.17: Measured IPA concentration at the exit of the Dow bed for Trial 1, 2 and 3 
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Figure 4.16 shows the variation in inlet concentrations with time for trials 1, 2 and 3. The 
standard error when measuring bed exit concentrations for trials 1, 2 and 3 were 691 ± 8.5 
ppmv, 835 ± 7.9 ppmv and 1578 ± 7.6 ppmv respectively. It can therefore be seen that, 
besides random error, the deviations in inlet concentration can be attributed to the 
uncontrolled nature of the printing jobs. The IPA concentrations entering the bed vary from 
experiment to experiment and are set by certain uncontrolled factors within the printing 
facility itself. A few of the factors that contribute to fluctuations in inlet concentration and 
also certain discrepancies in experimental findings include: 
• Varying IPA concentrations in the dampening solution in the main tank – Although very 
rarely, the set IPA concentration in the main tank is either increased or decreased (by the 
printer) during a printing job depending on the quality of the print on the paper. This 
would usually occur if the quality of the print on the paper were not up to specification. 
Such a situation, however, was not encountered in any of the trials conducted at the print 
works. 
• Change in roller speed as a result of a sudden change in the sheet delivery speed – As 
mentioned earlier in the report, the speed of the rollers (i.e. dampening rollers, plate 
cylinder etc.) on each of the units depends on the speed at which the sheets are delivered 
to the press. In other words, any change in delivery speed would result in a change in the 
roller speed. Thus, as also shown in Figure 4.18, increasing the roller speed results in 
increased heat generation which in turn results in increased IPA evaporation at the 
trough. Additionally, the higher the roller speed, the greater the agitation of the IPA 
vapours above the trough. Therefore, increased agitation and increased IPA evaporation 
results increased IPA concentrations above the trough. 
• Discontinuous nature of a printing job (i.e. frequent startups after a sudden halts in a 
printing job, often due to troubleshooting) – The IPA concentrations at the start of a 
printing job would tend to be lower since at that point in time, not all of the IPA vapours 
in the trough have been fully agitated. 
•  Beginning of a new printing job – Although this factor does not contribute towards 
fluctuations in inlet concentrations, it however causes an initial transient in 
concentration. For instance, for the duration that the press is not in operation (just before 
a printing job), which could last for up to 4 to 5 hours, the rollers no longer remain in 
motion and therefore cool down. The low inlet concentration at the start of a printing 
operation can be explained by the ‘warming up’ period of the rollers. Therefore, 
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measuring the inlet concentration at the start of a printing operation would result in 
slightly lower values as compared to sampling at a later stage during the printing period.  
•  Improper mixing above the trough – With regards to the trough itself, not all of the 
region above the liquid in the trough can be considered well mixed. This is because, even 
when the rollers are in motion, only the liquid and the vapours nearest to the rollers are 
well agitated. The liquid at the opposite end of the trough (furthest from the rollers) 
evaporate at a lower rate due to reduced agitation. Given the location of the extractor 
pipe, this results in the air nearest to the pipe containing varying concentrations of IPA. 
In order to explore the hypothesis that the inlet IPA concentration changes with the sheet 
delivery speed, the set rate at which the sheet is fed to the press was recorded when 
measuring the inlet concentration during the adsorption experiments. The trends in inlet IPA 
concentration and sheet delivery speed during the third trial are presented in Figure 4.18. 
 
Figure 4.18: Trends in inlet IPA concentration and sheet delivery speed during Trial 3 
As can be seen from the graph, the peaks in the IPA concentration coincide with increased 
sheet delivery speed, whereas, the dips in concentration correspond with reduced speeds. It 
can therefore be concluded that any alteration in delivery speed would reflect in the roller 
speed and subsequently, the IPA concentration. 
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4.5.2.2 Breakthrough curves for IPA adsorption onto activated carbon 
In addition to the capture experiments involving the Dow adsorbent, an adsorption 
experiment using an AC bed was also conducted so as to provide a means for comparing the 
results obtained from the two adsorbents. The breakthrough curve for IPA adsorption on AC 
is presented in Figure 4.19. 
 
Figure 4.19: Breakthrough curves for all of the trials involving IPA on Dow and AC 
respectively, at a fixed flow of 320 l/min 
As can be seen from the graph, the time taken to saturate the entire bed was approximately 
670 minutes (11.2 hours) of printing time, which corresponded to about 4 days in real time. 
By the end of the experiment, the weight gain in 1.5 kg of fresh AC with an average inlet 
concentration (with a standard error) of 919 ± 30 ppmv, was about 0.488 kg (i.e. an uptake of 
0.325 kg/kg of fresh AC). The start of breakthrough occurred after about 250 minutes (4.2 
hours). The weight gain in the AC bed at this point in time was recorded as being 0.35 kg (i.e. 
an uptake of 0.233 kg/kg of fresh AC). On comparing the breakthrough curve obtained for 
AC to that obtained for Dow, it was found that it takes longer for the IPA to breakthrough on 
AC as opposed to Dow. The shorter breakthrough time and lower weight gain in Dow can be 
attributed to; (i) a lower bulk density of 368 kg/m3 in contrast to an AC bulk density of 472 
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kg/m3, and, (ii) difference in the pure IPA isotherms obtained using each of the adsorbents (a 
detailed explanation for this difference is provided in section 4.5.3).  
4.5.3 Isotherm Data 
As shown in Chapter 3, the VMC method by Appel (1998) was used to describe binary 
equilibrium for both, Dow and AC. This model was modified to incorporate the multi-
temperature Toth isotherm (for IPA) and the CIMF isotherm (for water), so as to enable 
prediction of IPA and water loading given their respective partial pressures. The values for 
the actual amount of IPA captured were determined by first, regenerating each of the 
adsorbents, and thereafter, analysing the regenerate in the gas chromatograph. A detailed 
description of the regeneration process is provided in Chapter 5. A comparison between the 
isotherm predictions and values obtained from the breakthrough experiments at the print 
works are presented in Table 4.6. 
Table 4.6: A comparison between actual data and data obtained using isotherms 
Experiment 
Trial 2 
(Dow) 
Trial 3 
(Dow) 
AC 
Average IPA inlet concentration (ppmv) 924 1656 919 
Measured relative humidity (%) 33 46 55 
Actual overall weight gain (kg/kg of clean adsorbent) 0.097 0.197 0.325 
Predicted overall weight gain (kg/kg of clean adsorbent) 0.104 0.163 0.367 
Actual amount of IPA captured (kg/kg of clean adsorbent) 0.076 0.131 0.176 
Predicted amounts of IPA captured (kg/kg of clean adsorbent) 0.073 0.118 0.234 
A deviation of less than 10% between the actual and predicted amounts of IPA captured for 
trials 2 and 3, indicate that the assumptions made when predicting mixture isotherms on Dow 
are valid within the specified range of partial pressures. The predicted weight gain is 
summation of the IPA mass and water mass captured. The amount of water captured was 
predicted on the basis of the assumption that the partial pressure of water entering the 
prototype was equal to the product of the relative humidity of the atmosphere and the 
saturated vapour pressure of water at 250C. Thus, variations in the predicted weight gain, for 
both adsorbents, can also be attributed to inaccuracies associated with predicting the partial 
pressure of water vapour entering the prototype. The higher uptake in trial 3 can be attributed 
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to the higher bed inlet concentration. However, the lower IPA percentage results from a 
higher relative humidity as compared to trial 2. 
With regards to AC, the deviation between the predicted and actual overall weight gain was 
calculated to be approximately 11%. However, when comparing the predicted and actual 
amounts of IPA captured, a deviation of around 33% was found to exist. This deviation can 
be attributed to the inaccuracies associated with predicting the mixture isotherms on AC. As 
mentioned in Chapter 3, the IGA model used in this research was specifically designed for 
pure isotherms therefore the virial equations were developed by assuming that the IPA 
vapour phase composition remained constant throughout the adsorption experiments. This 
assumption made was soon considered invalid when the vapour phase composition that 
resulted in the closest fit to the experimental data was about 60% below the actual vapour 
phase composition generated in the vapour reservoir in the IGA (see section 3.1.8 for detailed 
explanation). It was therefore concluded that a study of such non-ideal behaviour with AC 
would require measurements of the individual contributions made by IPA and water. The 
lower IPA percentage results from the nature of the pure water isotherm i.e. increasing water 
uptake due to pore filling from a partial pressure of 1000 Pa. 
The higher IPA uptake in AC as compared to Dow, by the end of the actual adsorption 
experiment, can be explained by the difference in the pure IPA isotherms gradients of both 
adsorbents at pressures up to 1000 Pa. Being a predominantly microporous adsorbent, a sharp 
rise in IPA uptake on AC is evident at very low pressures. In other words, as shown in Figure 
3.6, the loading on AC at 500 Pa is approximately 0.34 g/g (which is approximately 85% of 
its monolayer capacity). At this pressure, the corresponding loading on Dow is around 0.25 
g/g. Likewise, at a partial pressure of 71.7 Pa (i.e. inlet partial pressure to the AC adsorbent), 
the IPA uptake for AC is about 0.2 g/g while that for Dow is just below 0.078 g/g (i.e. an 
approximately 150 % greater uptake in AC).  
4.6 Modelling Fixed bed adsorption 
A mathematical model was developed to describe the dynamic behaviour exhibited by the 
adsorbates during fixed-bed adsorption. Co-adsorption isotherms were used to predict water 
and IPA loading on each of the adsorbents. Common conservation equations combined with 
rate equations for both, the fluid and adsorbed phases were used as part of the model.  
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4.6.1 Assumptions made 
The main assumptions of the model include; 
• A fixed bed adsorbent with constant uniform voidage 
• Plug flow over the adsorbent 
• Radial concentration gradient is considered negligible  
• Isothermal system 
4.6.2 Fixed bed model using Matlab 
A transient material balance (Dutta, 2007) on a thin slice of bed of thickness δz, was 
conducted and the resulting PDE is; 
 −!!!" !!!!!! + !!" !"!" + !"!" !"!" + !" !"!" = 0 (4.15) 
Where Da is the axial dispersion coefficient, v is the volumetric flowrate (m3/s), p is the 
component partial pressure (Pa), z is the axial position (m), A is the cross-sectional area of 
the bed (m2), ε bed total voidage, t is the time, ω is the bed packed density (kg/m3) and q is 
the amount adsorbed (mol/kg).  
The Linear Transfer Driving Force (LDF) model, which is based on modelling of mass 
transfer kinetics from the gas phase to the adsorbent, was used in the modelling of the 
adsorption system. The mass transfer rate equation term from equation (4.15) is expressed 
using the linear driving force approximation of Gluekauf and Coates as follows; (Glueckauf 
and Coates, 1947) 
 !"!" = !!"#(!∗ − !) (4.16) 
The mass transfer coefficient, kldf (s-1), was treated as an adjustable parameter such that a 
reasonable agreement could be obtained between experimental data and theoretical data. q* is 
the amount (IPA/water) that could be adsorbed if the solid is equilibrium with the local gas 
phase and is calculated using the isotherm equations (equations (4.17) and (4.19)).  
From Chapter 3, the Toth isotherm was used to describe IPA adsorption on Dow and AC, 
and, the CIMF model was used to describe water adsorption on each of the adsorbents. 
However, as a result of difficulties associated with coding the CIMF equation on Matlab, the 
BET equation and a log equation were used instead, for Dow (R2 = 0.994) and AC (R2 = 
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0.999) respectively.  The IPA isotherms, on the other hand, were left unchanged and were 
modelled using the Toth isotherm. 
- Initial conditions:  at t = 0, p = 0 and qa = qz = 0 (i.e. a clean bed) 
- Boundary conditions: at z = 0, p = pin, q = 0 (where pin is the partial pressure at the inlet 
of the bed). 
 
• For Dow: 
The Toth equation;  
 !!∗ = !!,!!!,!!!(! + !!,!!!!)!/! (4.17) 
 
Where 
 ! = !! exp − !∆!!!"   (4.18) 
The BET equation; 
 !!∗ = !!,!  !  !!,!!!(!!,! − !!!!)(1+ (! − 1)(!!!!/!!,!) (4.19) 
The constants for the Toth equation are provided in Chapter 3 (Table 3.1) and that for the 
BET equation are given in Table 4.7. 
•  For AC: 
Being a non-ideal system, the virial equation was used to determine the loading on AC. 
The equation for IPA loading; 
 !!∗ = exp  (!"!!,!"#$ + 2!!"!!,!!! + 3!!!!!!,!!!!!,!!! + 32!!""!!,!!!! ) (4.20) 
 
Where 
 !!,!"#$ = !!,!!!,!!!(! + !!,!!!!)!/!  (4.21) 
The equation for water loading; 
 !!∗ = exp  (!"!!,!"#$ + 2!!"!!,!!! + 32!!!"!!,!!!! + 3!!""!!,!!!!!,!!!) (4.22) 
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Where 
!!,!"#$ = !!,!1+ exp ! !!" − !" !!,!!!!!,! − !!,!!!  (4.23) 
The constants for the Toth equation and the virial constants at provided in Chapter 3 (Table 
3.1 and Table 3.3 respectively) and that for the Log equation are given in Table 4.7. 
Method used for solving equation (4.15); 
Along with the isotherm equations and the mass transfer equation (equation (4.16)), a value 
for the axial dispersion coefficient is required in order to solve equation (4.15). Additionally, 
solving equation (4.15) would require a numerical method. Thus, the PDE equation (4.15) 
was first discretised by replacing δz with Δz and was thereafter solved using the Tanks in 
Series model. In this model, the fluid is said to flow through a series of equal-size stirred 
tanks, and the one parameter of this model is the number of tanks. The fixed bed model used 
in this study can be related to the tanks in series model where each tank represents a bed 
section. According to Elgeti (1996) the tanks in series model is equivalent to the Dispersion 
model when the Peclet-Bodenstein number is related to the number of tanks in series (in this 
case, the number of bed sections). Thus axial dispersion was incorporated into the model 
using the following equations: 
 Bo = UsL/Da (4.24) 
 ! = !!2 + 1 (4.25) 
Where Bo is the Bodenstein number, Us is the superficial velocity, L is the bed length, Da is 
the dispersion coefficient and N is number of tanks in series (or in this case, the number of 
bed sections). The axial dispersion coefficient itself was calculated from the following 
correlation by Delgado (2005): 
 !"! = !!!!!  (4.26) 
PeL is based on the longitudinal dispersion coefficient, u is the interstitial fluid velocity (Us/ε 
= 0.365 m/s) and dp (1 mm) is the particle diameter. According to Delgado (2005), PeL(∞) = 
2 for gas flows through beds of approximately isometric particles with diameter dp. Thus, for 
a PeL value of 2, DL (or Da) was calculated as being 1.83 x 10-4 (equation (4.26)), and the 
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number of tanks in series, N, was calculated using equations (4.24) and (4.25). Thus, 28 bed 
sections were required to account for axial dispersion. 
As mentioned previously, the PDE equation (4.15) was first discretised by replacing δz with 
Δz and was thereafter solved using the Tanks in Series model. The discretisation points were 
then equated to the tanks in series; 
The overall mass balance is given by the following equation; 
 !"!" = −   !"#! !"!" −    !!" (!! − !!!!)!  (4.27) 
Where, i is the bed section number. The packed bed characteristics and flow conditions are 
given in Table 4.8. 
Where the length of the bed section, z, is given as follows; 
  ! = !/! (4.28) 
L is the total length of the bed and N is the total number of bed sections. 
Section	  
1
Section	  
2
Section	  
i
Section	  
3
 
Figure 4.20: Diagram showing the bed sections in a given length of bed 
In order to solve the PDE, the adsorbent bed was first split into small but equal bed sections 
as shown in Figure 4.20. The material balance (equation (4.27)) was then solved for the first 
section for every given time step until saturation using the backward finite difference method. 
The outlet data (i.e. partial pressure) for the first section was then used to solve equations for 
the second section, again until saturation. The outlet from the second section was then used as 
the inlet to the third section. This procedure was repeated for all bed sections until complete 
bed saturation was achieved. The programming software, Matlab, was used to solve the 
ordinary differential equations (ODE) generated from equation (4.27). In the case of Matlab, 
Total length of the bed, L 
p1 pin p2 pi-1 pi 
q*1 q*i q*2 q*3 
z 
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the ODEs were solved for the first section and a ‘for loop’ was created from sections 2 to N. 
Thus, by doing so, the output data from one section was used as the input data to the next 
section. The output data from section N was in turn used to draw up a breakthrough curve for 
the entire bed.  
Table 4.7: Constants used in the equations 
Name of equation Constants Dow AC 
BET 
c 3.5 - 
qs,w 1.8 - 
Log equation 
qs,w - 27.77 
pow - 3150 
x50 - 0.9512 
k - 1.3168 
Table 4.8: Packed-bed characteristics and flow conditions in experimental set-up 
Adsorbents Dow AC 
System Pressure (Pa) 78000 78000 
System Temperature (K) 295 295 
Flow rate (m3/s) 0.0053 0.0053 
Packed bed density (kg/m3) 368 473 
Voidage (-) 0.40 0.40 
Cross-sectional area of the bed (m2) 0.0467 0.0467 
Height of the bed (m) 0.068 0.068 
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4.6.3 Breakthrough curves predicted using Matlab 
 
Figure 4.21: Comparison of model and experimental results for Trial 1 Dow at 770 
ppmv 
 
Figure 4.22: Comparison of model and experimental results for Trial 2 Dow at 924 
ppmv 
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Figure 4.23: Comparison of model and experimental results for Trial 3 Dow at 1656 
ppmv  
 
Figure 4.24: Comparison of model and experimental results for AC, at 919 ppmv  
For an accuracy check, results of this fixed bed model were compared with experimental data 
obtained in this study and are presented in Figure 4.21, Figure 4.22, Figure 4.23 and Figure 
0.00	  
0.10	  
0.20	  
0.30	  
0.40	  
0.50	  
0.60	  
0.70	  
0.80	  
0.90	  
1.00	  
0	   50	   100	   150	   200	   250	   300	  
Fr
ac
8o
n	  
of
	  IP
A	  
ex
i8
ng
	  th
e	  
be
d	  
Time	  (minutes)	  
Trial	  3	  Dow	  (Exp)	   Trial	  3	  Dow	  (model)	  
0.00	  
0.10	  
0.20	  
0.30	  
0.40	  
0.50	  
0.60	  
0.70	  
0.80	  
0.90	  
1.00	  
0	   100	   200	   300	   400	   500	   600	   700	   800	   900	   1000	  
Fr
ac
8o
n	  
of
	  IP
A	  
ex
i8
ng
	  th
e	  
be
d	  
Time	  (minutes)	  
AC	  (exp)	   AC	  (model)	  
Chapter 4. IPA capture at a lithographic printing press 
 
92 
 
4.24. As mentioned previously, in order to predict the breakthrough curves, given the bed 
inlet concentration, the mass transfer equations were first solved for the first section for every 
time step until saturation, after which, the outlet data for the first section was used to solve 
equations for the second section, again until saturation. This procedure was repeated for all of 
the bed sections until complete bed saturation was achieved.  
As shown in Figure 4.21, Figure 4.22, and Figure 4.23, the fixed bed model was able to 
predict the breakthrough curves for Dow trials 1, 2 and 3 fairly accurately. The mass transfer 
coefficients that provided the closest fit to the experimental data were 0.0012 s-1, 0.0013 s-1 
and 0.0019 s-1 for trials 1, 2 and 3 respectively. As mentioned in Chapter 3, the isotherms 
used in the construction of the model were developed on the basis of constant IPA vapour 
phase composition. However, in the case of AC, non-ideal behaviour was evident which in 
turn invalidated the assumption. Therefore the breakthrough prediction shown in Figure 4.24 
for AC is not a true representation of the equilibrium process taking place during the 
adsorption experiment. The mass transfer coefficient in the case of AC was determined as 
being 0.00025 s-1. As with Dow, the mass transfer coefficient was used as a fitting parameter 
in the breakthrough model. 
A convergence study was conducted for the purpose of determining the minimum number of 
bed sections required for the results to converge. As shown in Figure 4.25, for values of N 
greater than or equal to 28, the results were found to converge. Based on the relationship 
between the Peclet-Bodenstein number and the number of bed sections, the number of bed 
sections that account for axial dispersion was calculated as being 28 bed sections. From 
Figure 4.25 it can be seen that neither the axial dispersion coefficient nor the numerical 
inaccuracy changes the solution. In other words, no numerical inaccuracy associated with 
using the specified number of tanks in series is evident from the graph. Thus, taking the 
convergence of breakthrough curves into consideration, 70 bed sections were eventually 
selected when modelling all the breakthrough experiments shown in Figure 4.21, Figure 4.22, 
Figure 4.23 and Figure 4.24. 
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Figure 4.25: Breakthrough curves at 1656 ppmv IPA inlet concentration, for various 
number of bed sections  
Possible causes of discrepancies between actual and predicted data 
• Model assumes constant inlet concentration when in reality the bed inlet concentration 
fluctuates throughout the course of all the experiments. 
• Bed disturbances during experiments i.e. when moving the bed from point A to point B; 
(i) during troubleshooting and, (ii) by the end of each working day. 
• Discontinuous nature of a printing job (i.e. frequent start-ups after a sudden halts in a 
printing job, often due to troubleshooting) 
• Effect of co-adsorption of IPA and water on AC incorrectly modelled. 
• Variation in adsorbent between trials and IGA experiments (i.e. adsorbent from different 
batches were used for each of the trials and IGA experiments). 
• Variations in temperature with time at the printing factory as compared to the constant 
temperature at which the IGA experiments were maintained.  
4.7 Efficiency of the prototype at the print works 
In order to measure the efficiency of the prototype, the alcohol level in the pure IPA 
container (located at the Beta.c combination unit) was monitored at regular intervals of 10 
minutes. The time and magnitude of any drop in alcohol level was recorded, and, given the 
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cross-sectional area of the container, the volume of IPA lost was thereafter calculated. Thus, 
the amount of IPA used by the printing units by the end of each experiment was deduced. The 
fraction of the total inputted IPA that was captured by the prototype is shown in Table 4.9. 
Table 4.9: IPA captured as a fraction of the total IPA utilised at Aaron Printing 
Experiment Trial 2 (Dow) Trial 3 (Dow) AC 
Total time to breakthrough (min) 80 86 250 
Mass at breakthrough (g) 66 151 350 
Composition of IPA in the 
captured material (wt %) 78 66.6 53.7 
Measured height of used IPA in 
the container (m) 
0.017 
(in 80 minutes) 
0.025 
(in 79 minutes) 
0.005 
(in 42 minutes) 
Cross-sectional area of the 
container (m2) 0.058 0.063 0.063 
Total mass rate of IPA used up per  
unit in operation (kg/min) 0.003 0.005 0.003 
Percentage of total inputted IPA, 
captured by the prototype (wt %) 26.5 23.2 25.0 
As mentioned in section 4.1.2, the dampening solution from the main tank is continuously 
pumped to each of the five units in order to keep the printing plates dampened at all times. 
The solutions from the troughs are then pumped back to the main tank, thus constantly 
maintaining the solution level in each of the troughs. Adequate amounts of pure IPA from a 
separate container get drawn into the main tank so as to maintain the set composition.  
As can be seen in Table 4.9, an average of 24.9% IPA was captured by the prototype when 
comparing all three trials. This can be explained by the fact that besides accounting for the 
IPA loss at the trough of the units in operation, the values for the total mass rate of IPA used 
up also allows for all of the other losses associated with the printing cycle. These include; (i) 
IPA loss due to evaporation from the IPA container itself, (ii) IPA loss at the trough of the 
units not in operation, (iii) IPA loss at the printing cylinder of each unit and finally, (iv) IPA 
loss on the paper being passed through the units. These factors result in much lower values 
for the amount of IPA actually captured. Data for points (i), (ii) and (iv) are not easily 
attainable, however, the IPA concentration at the printing plates were measured during each 
trial. From Table 4.10 it can be seen that for all three experiments, the IPA concentration near 
the printing plates is approximately half of the concentration measured at the trough.  
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Table 4.10: A comparison of the IPA concentrations at the trough and the printing 
plates 
Experiment 
Average IPA concentration at the 
trough (ppmv) 
Average IPA concentration at the 
printing plates (ppmv) 
Trial 2 (Dow) 924 ± 154 391 ± 87 
Trial 3 (Dow) 1656 ± 156 773 ± 67 
AC 919 ± 165 430 ± 95 
Additionally, owing to the distance between the extractor pipe and the rollers (as a result of 
restrictions imposed by the metal guard), it can be gathered that dilute IPA concentrations is 
drawn into the bed. Therefore, a modification involving drawing in vapours nearer to the 
rollers would in turn increase the concentration of IPA captured. 
4.8 Summary and Conclusions 
A series adsorption experiments which involved the use of AC and Dow as the adsorbents, 
were carried out at the print works. The purpose of these experiments were; (i) to obtain a 
breakthrough curve for IPA on each of the adsorbents, (ii) to determine the time to 
breakthrough for the individual adsorbents, (iii) to deduce the weight gain in each of the 
adsorbents, once saturated, and, (iv) to determine the percentage IPA captured by the 
adsorbents, by the end of each experiment. Additionally, these experiments involved running 
the prototype only for the duration that the press was in operation (i.e. during printing jobs). 
This was since maximum evaporation occurred during the times that printing jobs were fed to 
the press because only then were the rollers generating heat. Results from these experiments 
showed that, for both adsorbents, the IPA entering the bed does not exit the bed straight 
away, thus implying that all of the IPA entering the bed during the initial period of the 
experiments had been captured by the adsorbents. This was further proved by the resulting 
increase in adsorbent weight by the end of all the experiments.  
Three trials of varying inlet concentrations (770 ppmv, 924 ppmv and 1656 ppmv) with Dow 
and a one trial with AC, was carried out at the printing facility. On comparing the 
breakthrough curve obtained for AC to that obtained for Dow, it was found that it takes 
longer for the IPA to breakthrough on AC as opposed to Dow. The shorter breakthrough time 
and lower weight gain in Dow was attributed a lower bulk density of 375 kg/m3 in contrast to 
an AC bulk density of 465 kg/m3, and, the difference in pure IPA isotherms obtained using 
each adsorbent. 
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With regards to the results predicted by the isotherms, a deviation of less than 10% between 
the actual and predicted amounts of IPA captured for trials 2 and 3 was evident. The higher 
IPA uptake in trial 3 was justified by the higher bed inlet concentration whereas a higher 
relative humidity in trial 3 resulted in a lower IPA composition in the captured material (i.e. 
67 wt% as compared to 78 wt% in trial 2). Owing to the difference in the pure IPA isotherms 
gradients of both adsorbents at pressures upto 1000 Pa, a higher IPA loading on AC as 
compared to Dow was apparent. However, with regards to the percentage IPA captured, Dow 
was found to capture a higher percentage of IPA than water as compared to AC. The 
mathematical model was able to predict fixed bed adsorption of IPA on Dow fairly accurately 
whereas; large deviations between the actual and predicted breakthrough curves were evident 
for AC (due to inaccuracies in isotherm modelling). 
When determining the efficiency of the prototype at the print works it was found that an 
average of 24.9% IPA was captured by the prototype when comparing all three trials. The 
total mass rate that was used for calculating this percentage, however, not only accounts for 
evaporation at the trough of the units in operation but also; (i) IPA loss due to evaporation 
from the IPA container itself, (ii) IPA loss at the trough of the units not in operation, (iii) IPA 
loss at the printing cylinder of each unit and finally, (iv) IPA loss on the paper being passed 
through the units. Thus, resulting in much lower values for the amount of IPA actually 
captured. On redesigning the capture mechanism, higher capture efficiency can be achieved. 
However, a large fraction of IPA is transferred onto the printing rollers (and thereafter, onto 
the paper) and is therefore not captured by the prototype. Thus, the current design is not 
optimal with respect to the amount of IPA it could capture as it does not meet the VOC 
emissions target reported in the Solvent Emissions Directive. 
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5 Microwave assisted regeneration of saturated adsorbents at low 
pressures 
5.1 Introduction 
One of the major technologies for the reduction of VOC emissions is based on using a 
suitable adsorbent to capture these volatile compounds. On completion of the capture process, 
the saturated adsorbent is regenerated before reuse since spent adsorbents sometimes contain 
hazardous material which in turn requires special treatment before disposal. Additionally, 
besides adhering to environmental regulations, regenerating the adsorbent is vital so as to 
ensure that the adsorption process will be economically attractive. The process of 
regeneration through conventional heating systems is time consuming as compared to 
microwave heating systems. It also requires additional equipment and may be less efficient. 
The advantages of microwave regeneration systems over conventional regeneration systems 
are outlined in Chapter 2 and Chapter 6 of this report. 
The purpose of the work presented in this chapter is to address the suitability of microwave 
regeneration and to examine the kinetics of microwave regeneration at very low pressures. 
This study also takes into account the effect of material selection when subjected microwave 
radiation. Thus, the regeneration of two adsorbents namely; Dow and AC which were 
initially exposed to IPA and water vapours were examined by applying microwave radiation. 
Additionally, a simple analysis of the MW power consumption by both adsorbents was also 
conducted. 
5.2 Overview of the regeneration system 
5.2.1 Experimental set-up 
Bench scale tests were conducted in a domestic microwave oven, at the University of Surrey. 
Prior to regeneration, the IPA/water mixture was loaded onto both the adsorbents at a printing 
facility. The IPA/water vapours from the trough were drawn through the adsorbent bed using 
the setup described in Chapter 4. The coverage on each adsorbent was determined by 
subtracting the initial (dry) weight from the final weight. The saturated adsorbent was 
transferred into a Pyrex desiccator and thereafter placed inside the microwave oven for the 
purpose of regeneration. Figure 5.1 shows microwave regeneration setup in more detail. 
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A detailed description of the equipment presented in Figure 5.1 is shown below; 
• MW: A 40 litre Sharp domestic microwave oven with an input power and frequency of 
900 W and 2450 MHz respectively, was used for the purpose of regenerating the 
saturated adsorbent.  
• Vacuum pump: Since the regeneration process involved supplying mirowaves to a 
saturated adsorbent at reduced pressures, a Fisherbrand diaphragm vacuum pump 
(Product code = 10287097), located downstream of the microwave oven (MW), was used 
to maintain low pressures in the apparatus (for an oxygen free environment), during 
regeneration.   
• E-001 and E-002: Two Graham condensers (supplied by Fisher Scientific UK), located 
downstream of the microwave oven, with an effective length of 320 mm and a surface 
area of 0.04 m2 were used to condense the vapours generated in MW. The coolant used 
was tap water. 
• D-001, D-002 and D-003: Three round bottom flasks (500 ml each) from Fisher 
Scientific were used during fractional regeneration i.e. when analysing the regenerate at 
various time intervals. 
• V-001 and V-002: In order to capture the regenerate at each time interval, two valves 
were located on the product line between flasks 1 and 2, and, 2 and 3. 
• V-003: The valve located on the vacuum line was adjusted manually during evacuation 
and during the times when the system was flushed with Nitrogen gas. 
• V-004: The Nitrogen admittance valve, located on the Nitrogen line, was used to admit 
Nitrogen into the apparatus at pressures up to atmospheric pressure. 
• Nitrogen trap: A cold trap was used to capture the uncondensed IPA and water vapours. 
For all regeneration experiments, the cold trap was immersed in Dewar vessel containing 
liquid Nitrogen. Thus, any escaping IPA and water vapours were frozen onto the cold 
surface of the trap almost instantly. 
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Figure 5.1: Process flow diagram of the regeneration process
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Adsorbent set-up during regeneration; 
Schematics of the adsorbent set-up in the microwave oven are shown in Figure 5.2 and Figure 
5.3. A Pyrex plate was used as a means of supporting the adsorbent and to enable proper 
positioning of the adsorbent i.e. in front of the microwave source for maximum microwave 
absorption. A bed support was used to raise the desiccator above the rotating spindle in order 
to prevent the desiccator from rotating with the spindle which would otherwise break the seal 
in the apparatus. With regards to the microwave itself, the only modification involved cutting 
a hole in the metal frame at the top of the oven. This was done to make a path for the 
connectors between MW and E-001. The numbering in Figure 5.3 represents the desiccator 
position for all regeneration experiments. 
Microwave	  
oven
Bed	  support
Redundant	  Rotating	  spindle	  
(disconnected)
Pyrex	  
Desiccator
AdsorbentAdsorbent	  
retaining	  
plate
Vapours	  to
condenser
Source	  of	  
microwaves
Base	  of	  the	  desiccator
 
Figure 5.2: A front view of the adsorbent set-up inside the microwave oven (MW) 
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Figure 5.3: A plan view of the adsorbent set-up inside the microwave oven (MW) 
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5.2.2 Material of construction 
The main components involved in the regeneration set-up include; a desiccator (for 
containing adsorbent), two Graham condensers, a multiple neck adapter (for the Nitrogen line 
and the vacuum line), three separating funnels (for containing the product) and a cold trap (to 
capture the uncondensed IPA and water vapour). The rest of the apparatus comprises of 
various connectors such as, expansion adapters, reduction adapters, receivers etc. The 
material used for all of the above components was Pyrex glass. 
5.3 Operating procedures 
As mentioned previously, an investigation on the performance of Dow and AC, during 
adsorption and regeneration, was conducted in this study. The two adsorbents were first 
loaded with IPA and water at a printing facility, after which, the saturated adsorbents were 
transferred into a desiccator and placed inside a microwave oven, as shown in Figure 5.2. On 
exposure to the microwaves, the vapours generated from the adsorbent were condensed in 
condensers, E-001 and E002 and eventually collected in in the product flasks, D-001, D-002, 
and D-003. Any uncondensed vapours were captured and frozen in the Nitrogen trap. The 
temperatures of the adsorbents were measured using a thermocouple. 
The microwave oven itself contains a metal cooking chamber which is similar to faraday cage 
i.e. it prevents electromagnetic waves from exiting the oven.  The reflected microwaves also 
provide a source of heating within this chamber. However, uneven heating of microwaved 
materials is found to occur due to uneven distribution of the microwave energy inside the 
oven. In food cooking the turntable is used to reduce uneven heating of materials exposed to 
the microwaves. Since the rotating spindle in MW was not utilised as a part of the set-up, a 
30% microwave power input was used for all of the experiments. In other words, microwaves 
were transmitted to the adsorbents for only 30% of the total inputted time. This was done to 
prevent the bed from overheating by allowing sufficient time for the heat to distribute within 
the bed. Thermal images of both beds at various exposure times are illustrated in section 
5.4.5, which demonstrates the efficiency of using the 30% setting. 
5.3.1 Main microwave regeneration experiments 
• Regeneration of the saturated adsorbents:  First, a few tests which involved 
microwave regenerating a known mass of adsorbent saturated with IPA (from the print 
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works) at various time intervals were conducted at the University. This was done in order 
to determine the time required for essentially complete regeneration of each adsorbent. 
The results of this experiment are provided in section 5.4.1. 
The saturated adsorbents from the print works (Trial 3 - (Dow) and AC) were first 
regenerated in the microwave and, thereafter heated in a vacuum oven. Based on the total 
weight loss of the adsorbent (i.e. from the MW plus the vacuum oven) and the amount of 
regenerate recovered in the condensers, the efficiency of the regeneration process was 
thereafter determined. Additionally, the fraction of IPA captured onto each of the 
adsorbents was found from analysing the regenerate in the gas chromatograph (GC).  
• Cycle 2 - capture using regenerated Dow (from Trial 3): A second run involving IPA 
capture using the regenerated Trial 3 - (Dow) was conducted at Aaron printing. The 
breakthrough times and weight gain from the 2nd cycle is compared to that from the first 
in section 5.4.2. 
• Fractional regeneration of adsorbents: Sampling of the solution regenerated between 
each time interval was carried out for the purpose of determining the time period in the 
regeneration process during which the regenerate contained the highest fraction of IPA. 
The bed temperature and weight loss in the adsorbent was plotted against time in order to 
determine the regeneration kinetics. The results of this experiment are given in section 
5.4.3. 
5.3.2 Basic experimental procedure for regeneration 
This section contains a step-by-step procedure that was used for all of the experiments stated 
above. Prior to any experimental work, the following procedures were carried out to ensure 
smooth functioning of the system; 
• The power supply to the heat tracing cable was switched on for a minimum of 15 
minutes before any regeneration was conducted – this was to prevent any condensation 
on the wall of the connectors between the desiccator and the condensers. 
• The cooling water supply to both condensers was turned on at all times – this was to 
ensure that, at all times, escaping vapours were captured in the product flask. 
• A check to ensure that V-001 (the valve to the nitrogen line) was closed – this was to 
prevent wastage of Nitrogen gas. 
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• The initial weight of the following items were recorded; (i) the product flasks, D-001, D-
002 and D-003, (ii) the Nitrogen trap, (iii) The desiccator (along with the adsorbent 
retaining plate) and, (iv) the desiccator with the adsorbent retaining plate and the 
saturated adsorbent.  
On having carried out the above procedures, the regeneration rig was set-up as shown in 
Figure 5.1. 
Air leak test 
A test for the air tightness of the setup was carried out by evacuating the system to the lowest 
attainable pressure (-0.99 bar) using the vacuum pump, isolating the system (by shutting 
valve V-003) and monitoring the system pressure on the pressure gauge. A maximum 
pressure increase rate (as a result of an air leak) of 0.001 bar/s (or a rise of 0.1 bar in 100s) 
was considered to represent an airtight system. The above procedure was repeated prior to 
each regeneration experiment so as to ensure an airtight system for safe operation. The 
average rate of pressure increase prior to each regeneration experiment was determined as 
being 0.0003 bar/s. 
Regeneration of the saturated adsorbents 
The air inside the desiccator and the rest of the apparatus was first evacuated using the 
vacuum pump. On reaching the lowest achievable pressure, valve V-003 was closed and V-
004 was opened for Nitrogen admittance. On reaching atmospheric pressure, the Nitrogen in 
the system was evacuated (i.e. V-004 was closed and V-003 was opened for evacuation). The 
above procedure was repeated for the second time to ensure the apparatus was free of any 
oxygen (for safety reasons). 
The microwave oven (MW-001) was switched on soon after. The timer on MW-001 was set 
to the desired time, the power was set to 30%, and the regeneration process was initiated. The 
low system pressure was maintained by running the vacuum pump throughout all the 
experiments. The procedure at the end of the process involved closing V-003 and opening V-
004 until atmospheric pressure was reached, after which, the Nitrogen supply was stopped. 
The desiccator, the product flasks and the cold trap were disconnected from the rest of the 
apparatus and weighed on a mass balance. The temperatures at various points on the bed were 
measured by inserting, and thereafter, holding the probe of the thermocouple at half the bed 
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depth at each of the five positions shown in Figure 5.3. This was done in order to determine; 
(i) the average bed temperature at the corresponding exposure time, and, (ii) the temperature 
distribution across the bed. The product collected in the product flasks and cold trap were 
transferred into labelled sample tubes and were eventually analysed in the GC. In order to 
determine the percentage of the adsorbed material regenerated in the microwave, the overall 
weight loss of the adsorbents (for all experiments) was found by weighing the desiccator 
containing the microwaved adsorbent, and thereafter, placing it in the vacuum oven at a 
temperature of 1100C for Dow and 1500C for AC. A vacuum pump was used to create 
vacuum conditions in the oven and desorption was carried out until no further weight loss in 
adsorbent was evident. On average, the duration of this process was approximately 24 hours. 
5.3.3 Gas chromatograph – Analysis of regenerate 
The GC-2014 (which involves manual injection) from Shimadzu UK was used for the 
purpose of analysing the samples obtained from the regeneration experiments.  The operating 
procedure involved manually injecting 0.1µl of the sample in the injection port of the GC and 
starting the analysis (using the start button on the instrument) soon after. Calibration curves 
were obtained by injecting known compositions (wt%) of IPA and water (the two main 
components) into the instrument (R2 = 0.997 for the IPA calibration curve, and, R2 = 0.996 
for the water calibration curve). This enabled determination of the composition of the each of 
the components in a given sample. The peaks obtained on analysing a sample provides 
information such as; the start time (or the time of peak detection), the peak time, the end time, 
and the area under the peak.  The start, peak and end times are specific to individual 
components and therefore a sample containing 2 components would generate two peaks at 
different start, peak and end times. These times are the same for a given component 
regardless of its composition.  
Varying compositions, on the other hand, are reflected in the area under the peak. The time 
between injection and the start of the analysis must be kept constant for all samples in order 
to ensure that the start, peak and end times of the sample to be analysed, coincides with that 
used for the calibration samples. Inconsistencies in this procedure would result in incorrect 
sample compositions. Small discrepancies in the IPA/water compositions due to human error 
associated with the sample injection procedure resulted during sampling. The IPA/water 
compositions containing these small discrepancies were normalised and presented in this 
work.  
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5.4 Results and discussion 
5.4.1 Regeneration of saturated adsorbents 
• Dowex Optipore V503: 
Table 5.1 shows the weight loss in the adsorbent due to microwaves as a percentage of the 
overall weight loss (weight loss in MW + weight loss in vacuum oven). As part of the initial 
set-up and for all of the tests conducted using Trial 1-Dow, a small quantity of adsorbent was 
placed at the base of the desiccator (and not in the central section of the desiccator shown in 
Figure 5.2). The central section of the desiccator was left as free space. 
Table 5.1: Results obtained on regenerating Trial 1 - Dow at different irradiation times 
Irradiation time (minutes) 3 6 9 
6 
(Plasma 
formation) 
5.4 
(Plasma 
formation) 
Weight of saturated ads. (g) 150 150 150 150 150 
Ads. weight loss due to 
microwaves (g) 
7.4 13.8 16 15.2 14.9 
Ads. weight loss in the vacuum 
oven (g) 
13.4 6.9 4.9 5.7 6.1 
Regeneration due to 
microwaves (%) 
35.6 66.7 76.5 72.7 70.9 
Composition of IPA in the 
regenerate (wt%) 
80.6 83.2 85.5 - - 
Average bed temperature (0C) - 69 ± 6 78 ± 7 - - 
As shown in Table 5.1, three tests were conducted at varying time periods in order to 
determine the length of time required for complete regeneration. For a saturated adsorbent 
weight of 150g, 76.5% of the captured material was driven off during the first 9 minutes of 
microwave irradiation. Thus, for a higher weight loss, a fourth batch of adsorbent (from trial 
1-Dow) was placed in MW and the regeneration procedure was repeated with the intention of 
irradiating the adsorbent for a longer period of time. At just over 6 minutes however, plasma 
was observed in the central section of the desiccator, just above the adsorbent, which 
disappeared as soon as the microwave supply was switched off. This plasma was found to 
reappear as soon as the microwave oven was re-started. In order to re-confirm the time of 
plasma formation, the regeneration procedure was repeated for 150g of saturated adsorbent. 
The outcome of this test were in agreement with those obtained for batch 4 which showed 
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that plasma formation occurred at just over 5.4 minutes of irradiation. An image and a 
detailed description of this plasma formation can be found in section 5.4.6.  
A couple of tests involving the use of the saturated adsorbent from Trial 2-Dow were 
performed using an improved set-up. This set-up involved filling up the entire central section 
of the desiccator with saturated adsorbent, and thereafter placing it in MW (as shown in 
Figure 5.2). Here, a start weight of 1268g of saturated Dow was split into two batches 
weighing 634g per batch. Results from each of these tests are shown in Table 5.2.  Exposing 
the adsorbent to microwaves for 10.8 minutes resulted in 80% regeneration of the captured 
material while, an irradiation time of 12.6 minutes resulted in 89% regeneration. Here, 
plasma formation was visible at a much later stage i.e. after 12.6 minutes. Thus, given the 
current set-up along with its limitations (i.e. uneven distribution of microwaves and plasma 
formation), all regeneration experiments involving Dow were conducted over a maximum 
period of 12 minutes. A third trial (Trial 3 – Dow) was carried out at the print works and was 
thereafter, regenerated at the university. Results from the regeneration are shown in Table 5.3 
Table 5.2: Results obtained on regenerating Trial 2 - Dow at different irradiation times 
Irradiation time (minutes) 10.8 12.6 (Plasma formation) 
Weight of saturated adsorbent (g) 634 634 
Ads. weight loss due to microwaves (g) 44.90 50.80 
Ads. weight loss in the vacuum oven (g) 11.30 6.07 
Regeneration due to microwaves (%) 80 89 
Composition of IPA in the regenerate (wt%) 80.40 76.80 
Average bed temperature (0C) 92 ± 10 105 ± 12 
Table 5.3: Results obtained on regenerating Trial 3 - Dow  
Irradiation time (minutes) 12 12 
Weight gain during adsorption (g) 230 
Weight of saturated adsorbent (g) 699.9 694.3 
Ads. weight loss due to microwaves (g) 103.2 99.8 
Regeneration due to microwaves (%) 88 
Composition of IPA in the regenerate (wt%) 66.4 
Average bed temperature (0C) 119 ± 11 115 ± 14 
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The saturated adsorbent from this trial was regenerated in two batches, as also indicated in 
the table above. In order to determine the percentage of the adsorbed material regenerated in 
the microwave, the overall weight loss was found by weighing the desiccator containing the 
microwaved Dow, and thereafter, placing it in the vacuum oven at a temperature of 1100C for 
24 hours. As can be seen, 88% of the captured material was recovered when irradiated with 
microwaves for 12 minutes. The average bed temperature was found to be similar for both 
batches and, for the same exposure time, the weight loss in the two batches was within 3.5% 
of each other. This is because the amount of energy in the microwaves is the primary factor in 
desorption, thus very similar weight losses in the case of both batches.  
• Activated Carbon: 
A mass of 1971.9g of saturated AC was split into four batches weighing 400g per batch. Four 
tests, of varying time periods were conducted in order to determine the length of time 
required for complete regeneration of AC (see Table 5.4). The adsorbate loading and the bed 
temperatures for each time period were recorded and are shown in Figure 5.4. Adsorbents 
such as AC are known to possess a high dielectric loss factor, in other words, the amount of 
electric energy (microwave energy in this case) dissipated in the material in the form of heat 
is high (dielectric loss of about 56 was reported by Atwater and Wheeler (2004) for coconut 
shell granular activated carbon). In such cases, desorption of the adsorbed VOC is aided by 
the high temperatures of the adsorbent.  
From Table 5.4 it can be seen that for the given adsorbent mass, an irradiation time of 13.5 
minutes and an average bed temperature of 139 ± 17 0C, nearly all of the IPA and water was 
regenerated from the AC bed (97% regeneration). Analysing the regenerate at each time 
period in the gas chromatograph, showed that the IPA content increased with increasing time, 
indicating that most of the water regenerated first followed by the regeneration of IPA. 
Microwave heating of a particular material depends on several factors namely; its shape, size 
and dielectric properties (Bradshaw et al., 1998). The frequency of the microwaves also plays 
an important role in microwave heating. Domestic microwave ovens are tuned to the best 
frequency to heat water. All these factors put together in addition to the fact that IPA is more 
strongly adsorbed as compared to water (see isotherms from Chapter 3) results in an early 
elution of water during regeneration. This fact could be used to make products of different 
strengths. 
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Figure 5.4: Regeneration of IPA and water from AC 
Table 5.4: Results obtained on regenerating AC at different irradiation times 
Irradiation time (minutes) 3 4.5 7.2 13.5 
Weight of saturated adsorbent (g) 400 400 400 400 
Ads. weight loss due to microwaves (g) 39.1 55.5 72.2 97.7 
Ads. weight loss in the vacuum oven (g) 58.2 44.6 23.7 3.4 
Regeneration due to microwaves (%) 40 55 75 97 
Composition of IPA in the regenerate (cold 
flask) (wt%) 
20.5 45.7 40.5 53.7 
Average final bed temperature (0C) 57 ± 10 79 ± 16 101 ± 14 139 ± 17 
5.4.2 Cycle 2 - capture using regenerated Dow (from Trial 3) 
A second adsorption cycle was conducted (at Aaron Printing) on the regenerated Dow from 
trial 3. The breakthrough curves for both cycles are shown in Figure 5.5. As shown by the 
graph, the time taken to saturate the entire bed in cycle 2 (using the regenerated adsorbent) 
was approximately 296 minutes of printing time which corresponded to about 3 days in real 
time. However, unlike in cycle 1, approximately 11% of the inlet IPA concentration was 
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detected at the exit of the bed up until the start of breakthrough. By the end of the experiment, 
the weight gain in 1.191 kg of regenerated Dow, at an average inlet concentration of 1416 ± 
250 ppmv, was about 0.203 kg (as opposed to 0.230 kg in cycle 1). The weight gain in the 
Dow bed at 70 minutes (i.e. the start of breakthrough) was recorded as 0.160 kg. The lower 
breakthrough time and lower weight gain in cycle 2 as compared to cycle 1 is due to IPA 
being left on the regenerated Dow used in cycle 2. As mentioned previously, only 88 wt% of 
the captured material was recovered when irradiated with microwaves for a period of 12 
minutes (maximum allowable time) thereby resulting in a capacity which is around 12% 
lower than a fresh adsorbent and imperfect capture. Additionally the lower inlet concentration 
in cycle 2 also contributes to a lower loading as compared to cycle 1.   
 
Figure 5.5: Breakthrough curves for Trial 3 - Dow - cycle 1 and cycle 2 
5.4.3 Fractional regeneration of adsorbents 
The saturated adsorbent from cycle 2 was regenerated using microwaves and sampling of the 
desorbed material between each time interval was carried out for the purpose of determining 
the time period in the regeneration process during which, the regenerate contained the highest 
fraction of IPA. Once again, the saturated adsorbent from cycle 2 was split into two batches. 
Results from the first batch (i.e. 700.1 g of saturated Dow), which involved fractional 
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regeneration, are presented in Table 5.5, Table 5.6 and Figure 5.6. In the case of the second 
batch (i.e. 692.6 g of saturated Dow), for an irradiation time of 12 minutes, a weight loss of 
102.9 g resulted and the percentage IPA regenerated was found to be 67.4 wt%. On further 
heating the adsorbent in the vacuum oven, under vacuum conditions, a further weight loss of 
10.2g resulted, thus indicating that approximately 90% of the captured material was driven 
off through microwaves.  
Results from Table 5.5 showed that the IPA content in the regenerate was the lowest between 
times 0 and 3 minutes. An increasing trend was evident thereafter. Since samples were taken 
in different flasks, the mass difference (at each time interval) was reported and not the total 
mass. Microwave heating of a particular material depends on several factors namely; its 
shape, size and dielectric properties. Additionally from the isotherms it can be seen that IPA 
is more strongly adsorbed onto both adsorbents as compared to water (as also shown by the 
pure isotherms in Chapter 3). Thus, a combination of all these factors results in an early 
elution of water. Table 5.6 shows the overall mass balance for Trial 3 – Dow (Cycle 2). The 
weight loss in the vacuum oven is indicative that the adsorbent is only partly regenerated. 
Table 5.5: Results obtained on fractional regeneration of Trial 3 - Dow (Cycle 2) 
Irradiation time (minutes) 0 - 3 3 - 6 6 - 9 
Weight of saturated adsorbent (g) 700.7 700.7 700.7 
Ads. weight loss (over the specified time period) 
due to microwaves (g) 
40 30.8 18 
Regeneration due to microwaves (%) 34.6 61.4 76.9 
Amount captured in product flasks (g) 12.92 1.83 1.72 
Composition of IPA in the regenerate (product 
flask) (wt%) 
10.2 49.6 95.8 
Table 5.6: Overall mass balance for Trial 3 – Dow (Cycle 2) 
Ads. weight loss in the MW (g) 88.8 
Ads. weight loss in the vacuum oven (g) 26.6 
Total amount captured in the product flask (g) 16.5 
Amount captured in the cold trap (g) 71.3 
Composition of IPA in the cold flask (wt%) 79.8 
IPA captured overall (Cold trap + Product flask) (%) 69.2 
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According to a study conducted by Schmidt and Price (1998), adsorbents with a low 
dielectric loss factor (such as Dowex Optipore) are found to yield a higher temperature when 
saturated with adsorbates as compared to a dry bed since the microwaves are absorbed by the 
adsorbed VOC. Therefore, as the bed coverage decreases, only a small increase in 
temperature would take place i.e. a drop in the temperature increase rate would result, as 
proved in Figure 5.6. Also, since the rate of desorption is directly proportional to the rate of 
increase in bed temperature, as the bed becomes depleted, the rate of desorption and the rate 
of increase in bed temperature decreases, as also proved by Price and Schmidt (1997). A 
detailed discussion on the temperature distribution within the Dow and AC adsorbents is 
provided in section 5.4.5 and 5.4.6. 
 
Figure 5.6: Regeneration of IPA and water from Trial 3 - Dow Cycle 2 
In the case of trial 3 – Dow cycle 2, cooling water at approximately 180C was used as a 
cooling medium in both condensers in order to initiate condensation of the vapours exiting 
the adsorbent. This, however, was unsuccessful since most of the desorbed material was 
collected in the cold trap (see Table 5.6). Additionally, owing to the fact that the experiments 
were conducted during summer, the cooling water temperatures between 19 to 210C was 
recorded for all the previous experiments (i.e. with AC, Trial 1 – Dow, Trial 2 – Dow and 
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Trial 3 – Dow Cycle 1) thereby resulting in virtually no condensation in the product flask. In 
other words, all of the regenerate was captured in the cold trap as frozen material. Table 5.7 
presents the temperatures at which complete condensation occurs for varying IPA 
compositions. The temperatures at each of the corresponding IPA compositions were 
determined using software called Hysys, and the pressure was held constant at -0.99 barg (i.e. 
the regeneration system pressure). Thus from the table it can be seen that the maximum 
temperature required in order to condense the desorbed material is approximately 6.80C. 
Cooling water temperatures between 3 to 50C would have been suited for the regeneration 
system. 
Table 5.7: Temperature required for complete condensation of IPA/water mixtures 
% IPA by mass Temp. at complete condensation  (0C)  
0 17.50 
25 6.83 
50 6.83 
75 6.76 
100 8.87 
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5.4.4 Stability of the adsorbents 
For each adsorbent, four adsorption/ desorption isotherms were measured using a mixture 
containing 1.9 mol% IPA and 98.1 mol% water, for Dow, and, 1.6 mol% IPA and 98.4 mol% 
water for AC. Each of the four cycles was conducted between fixed minimum and maximum 
pressures. From Figure 5.7 and Figure 5.8 it can be seen that the IPA and water mixture 
displays hysteresis that exists down to very low pressures. Gales et al. (2000) conducted a 
study which involved analysing the adsorption behaviour of three organic solvents on BASF 
Activated carbon at various temperatures. In this study, the adsorption/desorption cycles 
using Dow and AC showed similar trends to that obtained by Gales et al. (2000) where the 
desorption branches started to stabilise with increasing cycles. The point at which the 
adsorption isotherm coincides with the desorption isotherm is referred to as a limiting 
adsorption isotherm.  This state corresponds to a new equilibrium due to deformation of the 
adsorbent matrix (Gales et al., 2000).  
The adsorption isotherms for both adsorbents were very much reproducible and minimal loss 
in adsorbent capacity was evident for cycles 2, 3 and 4. The difference in loading between 
cycles 1 and 2 for both adsorbent can be attributed to low pressure hysteresis resulting from 
the first desorption cycle. The larger difference in loading between adsorption cycles 1 and 2 
in AC as compared to Dow, can be attributed the fact that AC contains a larger portion of 
micropores as compared to Dow. Bailey et al. (1970) conducted an analysis on low pressure 
hysteresis in organic vapours by porous carbons. They found that the process of insertion of 
adsorbate molecules into narrow pore spaces lead to irreversible changes in pore structure 
and therefore low pressure hysteresis. These irreversible changes were found to occur when 
certain areas of the adsorbent are strained beyond their elastic limit. They also concluded that 
the existence of low pressure hysteresis would be expected if the adsorbate molecules are 
roughly the same size as the pores or pore openings. This is in agreement with another study 
conducted by McEnaney (1973). He found that if the adsorbent containing micropores is 
brittle, then stress induced as a result of adsorption could cause localised fracture thereby 
changing the structure of the adsorbent. Low pressure hysteresis in this case could occur if 
the micropores filled with adsorbate are blocked by the fracture process. 
Bailey et al. (1970), however, found that in some of the experiments, normal outgassing at 
3050C was sufficient to even out any disturbance to the structure and therefore restore the 
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carbon to its original state. Similarly, microwave regeneration was found to restore both 
adsorbents to its original state, as shown in Table 5.8. 
 
Figure 5.7: IPA and water mixture adsorption/desorption isotherms at 298 K on Dow 
 
Figure 5.8: IPA and water mixture adsorption/desorption isotherms at 298 K on AC 
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In the case of both, Dow and AC, samples from the microwave regenerated adsorbent and 
from the recycled adsorbent were outgassed at 1100C and 1500C for Dow and AC 
respectively, for a period of 24 hours. B.E.T tests were then conducted on each of the 
outgassed samples and the surface areas were thereafter determined. As can be seen in Table 
5.8, results from the BET test showed microwave regeneration was suitable for both 
adsorbents since no changes were made to the internal structure of the adsorbent.  
Table 5.8: A comparison of the BET surface areas for Dow and AC 
Adsorbent 
Virgin 
(m2/g) 
After MW 
regeneration (m2/g) 
After four 
Adsorption/Desorption 
 cycles (m2/g) 
Dow 1255.41 1241.05 1246.64 
AC 1259.38 1273.64 1141.11 
5.4.5 Behaviour of each adsorbent when subjected to a microwave field 
Heating by high frequency radiation (such as microwaves), in known as dielectric heating. In 
microwave heating, the interaction between the electric field and the charged particles in 
certain materials causes these materials to heat up. Such materials are referred to as 
microwave absorbers. The dielectric constant determines how much of the incident energy is 
absorbed and how much is reflected. The dielectric loss factor measures the amount of 
electric energy dissipated in the material in the form of heat (Menéndez et al., 2010). The 
penetration depth δ is defined as the distance from the surface of the bed at which the power 
decays to 1/e of its value at the surface (Schmidt and Price (1998)). The following equation 
(obtained from Schmidt and Price (1998)) was used to describe the relationship between 
penetration depth and the dielectric loss factor.  
 ! = !! !!2!!!!  (5.1) 
λ0 is the radiation wavelength, ε, is the dielectric constant and ε,, is the dielectric loss factor. 
Thermal images for Dow and AC were taken at different time periods in order to determine 
the temperature distribution within each of the adsorbents. From Figure 5.10 it can be seen 
that in the case of Dow, the heat from microwaves is dissipated across the entire bed at any 
given time interval. The brightest areas correspond to the hot spots associated with uneven 
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distribution of microwaves within the oven. These hot spots exist between positions 1 and 2, 
and between 3 and 4. As mentioned previously, Dow possesses a low loss factor and a 
saturated bed would yield a higher temperature as compared to a dry bed since the 
microwaves are absorbed by the adsorbed VOC. Here, the saturated bed possesses a high loss 
factor due to the presence of the VOC. A decrease in bed coverage would result in a decrease 
in the rate of increase in temperature. Schmidt and Price (1998) further state that heating non-
uniformities in such adsorbents are self-correcting. The results obtained by Schmidt are in 
agreement with those obtained in this study. 
The thermal images in Figure 5.11 for AC are a clear indication of a microwave absorbing 
material. After 10 minutes of irradiation it can be seen that heating of the outermost portion 
of the AC bed takes place first. The presence of a cold centre indicates absorption of all of the 
microwaves at the outer section of the bed (section of the bed directly exposed to the 
microwaves). This is in accordance with equation (5.1), which implies that such adsorbents 
possess a high loss factor, and therefore exhibit short penetration depths. In such cases, 
desorption of the adsorbed VOC is aided by the high temperatures of the adsorbent. The 
image taken at 45 minutes of irradiation shows complete heating of the entire AC bed, 
however, a difference in temperature between the central section and the outmost section of 
the bed is still evident. Thus, non-uniform heating is an additional feature associated with 
microwave absorbers, as also proved by Schmidt and Price (1998)  Therefore heating of such 
beds would take longer as compared to a microwave transparent adsorbent (e.g. Dow). A 
dielectric loss factor of 0.03 was reported by Schmidt and Price (1998) for dry Dow whereas 
a dielectric loss of about 56 was reported by Atwater and Wheeler (2004) for coconut shell 
granular activated carbon. The difference in these losses further proves that when dry, a 
measureable change in temperature would be evident in AC when subject to microwaves, as 
compared to Dow.  
Figure 5.12 and Figure 5.13 shows the temperature profile for Dow and AC respectively, at 
different stages of regeneration. The positions on the desiccator used when measuring the bed 
temperature for both adsorbents are shown in Figure 5.9. As also previously identified, the 
higher set of bed temperatures correspond to longer irradiation times. From Figure 5.12 the 
peaks in the temperature for Dow exist at position 2, 7, 12 and 13 (after 6 minutes of 
irradiation), 2, 5, 8 and 13 (after 9 minutes) and, 1, 4, 9, 12 and 13 (after 12 minutes). The 
right hand shift in temperature peaks at each regeneration stage indicates that the portion of 
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the bed initially targeted with microwaves has been regenerated and a new bed section is 
being regenerated. When adsorbate in a certain section of the bed is regenerated, the 
temperature of that bed section no longer increases (due to the low dielectric loss factor of the 
bed) and a new bed section with adsorbate is targeted. The temperature peaks itself, 
corresponds to the portion of the bed being regenerated. This temperature profile is in 
compliance with the thermal images shown in Figure 5.10.  
The distinctly higher temperatures, in Figure 5.13, at positions 1 to 4 (at all times) as 
compared to the rest of the bed can be attributed to the short penetration depths achieved by 
the microwaves as a result of the high loss factor possessed by AC. Such distributions of 
temperature were not evident in Dow where penetration of the microwaves is visible 
throughout the bed. The hot spots arise as a result of uneven distribution of microwaves in the 
oven.  
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Figure 5.9: Positions on the desiccator used for temperature measurement 
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Figure 5.10: Thermal images of Dow after; a) 0 minutes of irradiation, b) after 6 minutes of irradiation c) 9 minutes of irradiation, and, 
d) 12 minutes of irradiation 
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Figure 5.11: Thermal images of AC after; a) 0 minutes of irradiation, b) after 3 minutes of irradiation c) 4.5 minutes of irradiation, and, 
d) 13.5 minutes of irradiation 
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Figure 5.12: Temperature profile in Dow - Trial 3 measured at different stages of 
regeneration 
 
Figure 5.13: Temperature profile in AC measured at different stages of regeneration 
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5.4.6 Observations made during the regeneration process 
During the regeneration process or more specifically, the microwaving process, each of the 
adsorbents exhibited different characteristics when exposed to a microwave field.  
• Activated carbon 
From direct observation of the AC bed during microwave heating, tiny flashes of light across 
and within the whole bed were evident frequently during the initial stages of regeneration, 
and less often towards the end of the experiment. With carbon materials, the delocalised π-
electrons are free to move across broad regions. Thus, exposure to electromagnetic radiation 
increases the kinetic energy of these electrons enabling them to jump out of the material. This 
results in a spark or an electric arc due to ionisation of the surrounding atmosphere. As also 
observed in the experiment, these sparks last for a fraction of a second and create local hot 
spots (Menéndez et al., 2010). Menendez et al. (2010) provided photographic evidence of 
plasma formation for different types of carbon. 
• Dowex Optipore V503 
As mentioned previously, the initial regeneration set-up involved placing a small quantity of 
adsorbent at the base of the desiccator (leaving the central section as free space). At just over 
6 minutes of irradiation, a large flash of light was observed in the central section of the 
desiccator (between positions 1 and 2 above the adsorbent), which disappeared as soon as the 
microwave supply was switched off. This flash of light was found to reappear as soon as the 
microwave oven was re-started. Repeating the above experiment resulted in the same 
outcome. The large flash of light produced during each of these experiments can be attributed 
to plasma formation which takes place when a gas is heated to a point where the gas atoms 
break apart into positively and negatively charged particles. The adsorbent was weighed soon 
after plasma formation and by this time the percentage regenerated in the microwave was 
found to be approximately 80%.  Thus an indication that the plasma formation was possibly 
due to a small amount of IPA and water vapours being exposed to a high intensity of 
microwaves. Additionally, the formation of plasma in the central section of the desiccator 
between positions 1 and 2 (a hot-spot region, as a result of being located in front of the 
microwave transmitter) further indicates that the intensity of the microwaves were enough to 
break the vapour atoms into charged particles thus creating a plasma. Being a microwave 
transparent adsorbent, the microwaves emitted during the initial stages of adsorption were 
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mainly absorbed by the IPA and water on the adsorbent and were therefore not enough start 
the plasma. A decrease in coverage over time, however, meant that the rest of the IPA and 
water on the bed was actually adsorbing a very small fraction of the microwaves. Most of the 
microwave energy was transferred to a small amount of IPA/water exiting the bed, thereby 
resulting in plasma formation. A change in adsorbent set-up such as that shown in Figure 5.2 
was made in order to achieve complete regenerate without plasma formation since the 
adsorbent was now placed in front of the microwave transmitter. The experiments using this 
set-up proved to be a lot more successful in that plasma formation ceased to take place in the 
central portion of the desiccator and, a higher percentage of the IPA and water was recovered 
(88%). However, given the limitations associated with a domestic microwave oven (i.e. 
uneven distribution of microwaves), complete regeneration was not possible since at just over 
12.6 minutes, plasma formation was once again observed, but this time, in the free space 
above the adsorbent i.e. at lid of the desiccator. Photographic evidence of plasma formation 
during regeneration (using original set-up) is shown in Figure 5.14. 
 
Figure 5.14: Plasma formation after 6 minutes of microwave irradiation - (using 
original set-up) 
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5.4.7 Energy consumption during regeneration 
The power consumed in the regeneration process in Table 5.10 was calculated using the input 
data provided in Table 5.9. The heat of adsorption of IPA on each of the adsorbents was 
taken from Ambrozek et al., (2014) and the heat of adsorption of water on activated carbon 
was obtained from a study conducted by Qi et al. (2000). Due to the lack of information 
available in literature for water adsorption onto Dow, the latent heat of vaporisation of water 
was used instead of the heat of adsorption of water on Dow, for the purpose of this 
calculation. 
Table 5.9: Input Data to determine Energy consumption 
Adsorbent Activated Carbon DOW 
Irradiation time (s) 810 720 
Mass of fresh adsorbent (kg) 0.299 0.579 
Total mass regenerated (kg) 0.098 0.103 
IPA captured (%) 54 67.4 
Heat of adsorption (IPA) (kJ/kg) 990 948 
Heat of desorption (water) (kJ/kg) 2,611 2,257 
Specific Heat Capacity of adsorbent (kJ/kg/K) 1.05 1.26 
Specific Heat Capacity of desiccator (kJ/kg/K) 0.753 0.753 
Final Temperature of adsorbent (°C) 139 112 
Final Temperature of desiccator (°C) 51 45 
Table 5.10: Energy consumed during regeneration 
Adsorbent Activated Carbon DOW 
Microwave Power (W) 900 900 
Total Energy consumption (kJ) 269 259 
Power Consumption (W) 332 360 
Efficiency (%) 37 40 
Specific Microwave Heat (kJ/kg IPA) 5093 3760 
The total energy consumption is the sum of the individual energy consumption by; (i) the 
adsorbents, (ii) IPA, (iii) water, and, (iv) the desiccator. Given the current regeneration set-
up, the specific microwave heat or the microwave energy required to regenerate 1 kg of IPA 
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was calculated as being 5093 kJ and 3760 kJ for AC and Dow respectively. This outcome is 
in agreement with the results obtained by Schmidt who also found minimum energy 
consumption and a comparatively low final temperature with Dow. 
5.5 Summary and Conclusions 
Three main experiments were conducted at the university which involved; regeneration of the 
saturated adsorbents, IPA capture using regenerated Dow (from Trial 3) and Fractional 
regeneration of adsorbents. Maximum regeneration for Dow and AC occurred after 12 and 
13.5 minutes of microwave irradiation respectively. Approximately 88% and 97% 
regeneration of captured material was achieved with a final bed temperature of 1150C and 
1390C for Dow and AC respectively. In the case of Dow, given the limitations associated 
with a domestic microwave oven (i.e. uneven distribution of microwaves), complete 
regeneration was not possible since at just over 12.6 minutes, plasma formation was 
observed. The microwaves emitted during the initial stages of adsorption were mainly 
absorbed by the IPA and water on the adsorbent and were therefore not enough to start the 
plasma. A decrease in coverage over time meant that the rest of the IPA and water on the bed 
was actually adsorbing a very small fraction of the microwaves. Most of the microwave 
energy was transferred to a small amount of IPA/water exiting the bed, thereby resulting in 
plasma formation. This proves that Dow is a microwave transparent adsorbent. 
On carrying out the second adsorption cycle (for Trial 3 – Dow) at the printing facility, the 
overall weight gain in cycle 2 was found to be 12% lower than that obtained in cycle 1. This 
is because only 88% of the captured material was recovered when irradiated with microwaves 
for a period of 12 minutes. A second desorption cycle was conducted on the first batch (of 
two batches) of the saturated Dow where approximately 90% of the adsorbed material was 
regenerated through microwaves. Fractional regeneration was conducted on the second batch 
for a total of 9 minutes and the maximum IPA content was found in the regenerate collected 
between the 6th and 9th minute. The regenerate with the lowest IPA content (and highest water 
content) was found between 0 and 3 minutes. 
Four batches of saturated AC were regenerated at varying time periods in order to determine 
the rate of change of mass and temperature. Like in Dow, the percentage of IPA in the 
regenerate was found to increase with irradiation time. Thermal images for Dow showed that 
the heat from microwaves was dissipated across the entire bed at any given time interval. The 
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thermal image after 10 minutes of irradiation of AC showed the presence of a cold interior 
indicating that during the first 10 minutes of irradiation, of all of the microwaves were 
absorbed at the outer section of the bed (section of the bed directly exposed to the 
microwaves).  Here the high loss factor possessed by AC resulted in short penetration depths 
during irradiation. Additionally, the energy required to regenerate 1 kg of IPA was found to 
be higher for AC (microwave absorbing adsorbent) as compared to a microwave transparent 
adsorbents i.e. Dow. A right hand shift in temperature peaks were observed for Dow at each 
regeneration stage indicating that the portion of the bed initially targeted with microwaves 
had been regenerated and a new bed section was being regenerated. Owing to the low loss 
factor possessed by Dow, a saturated bed would yield a higher temperature as compared to a 
dry bed since the microwaves are absorbed by the adsorbed VOC.  
A BET analysis was conducted on each of the adsorbents after; (i) microwave regeneration 
and, (ii) four adsorption/desorption cycles in the IGA. In the case of Dow, the surface area 
was found to be almost the same as that of the fresh adsorbent. Similarly, no change in 
surface area was found with the recycled Dow indicating that Dow is a stable adsorbent and 
exposure to microwaves does not change the internal structure of the adsorbent. In the case of 
AC, the surface area was found to be slightly higher after microwave regeneration. This, 
however, was not evident after four adsorption/desorption cycles in the IGA.  The surface 
area in this case was found to drop by 118 m2/g.  Thus, it can be concluded that microwave 
regeneration is favourable for both adsorbents. 
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6 Economic Analysis 
6.1 Introduction 
The main reason for many printing presses to install a VOC recovery system is to ensure that 
only 30% or less of the solvents used in the printing industry can be released into the 
atmosphere as emissions (as per regulations), or, to demonstrate green credentials. 
Nonetheless, printing presses are in business and therefore the following chapter presents the 
economic aspects of the use of Dow and Activated Carbon at a printing facility over a time 
period of one year. This analysis incorporates the capital cost of the adsorption and 
regeneration equipment used in this study, in addition to operating costs such as electricity, 
cooling water, adsorbent and nitrogen.  
This chapter is divided into three sections, as follows: 
• In the first section, the adsorbents are compared on the basis of total cost, for different 
numbers of bed cycles (No. of cycles a bed can operate for before replacement). In this 
section, a cartridge is filled with a constant volume of adsorbent.  
• The second section presents a comparison of the total cost for a constant mass of 
adsorbent. 
• The third section presents a plausible redesign of the prototype. Once again, the 
adsorbents are compared on the basis of total cost, for different numbers of bed cycles. 
• In the final sub-section, the technology proposed in this study is compared to other VOC 
control technologies from an economic standpoint.  
6.2 Comparison of the total cost for a Constant Volume Cartridge  
In all the experiments reported in this study (Chapter 3 and 4), equal volumes of both 
adsorbents were used owing to the fixed volume of the adsorbent container (i.e. the 
cartridge). Being the denser of the two adsorbents, a higher mass of 1.5 kg was obtained on 
completely filling the cartridge with AC as opposed to the 1.17 kg obtained on filling the 
cartridge with Dow. Calculations in this section were carried out on the basis of the following 
considerations:  
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• A single press of five units; each unit needs three adsorption beds (one on duty, one 
being regenerated, and, one in hand) ensuring continuous capture of emitted IPA 
vapours. 
• At the printing facility, each printing job constitutes an average of 10,000 sheets 
processed at a rate of 15,000 sheets per hour (i.e. 40 minutes per job) 
• A 30 minute widow for switching to a new job 
• Two 8 hour shifts per day for 5 days a week, equating to 260 working days a year. 
Note: The operating hours used in the economic analysis are based on the operating 
hours at Curtis Print and Packaging and Aaron Printing. 
• Each of the five printing unit has its own adsorption and regeneration unit. The printing 
units are connected to a common condenser and product flask  
• Continuous and simultaneous adsorption and regeneration during printing is achieved by 
the use of three beds per unit. In other words, once the first adsorbent achieves IPA 
breakthrough, a fresh adsorbent bed is used to replace the first one. Regeneration of the 
first bed would then take place whilst the second adsorbent bed achieves breakthrough. 
The third adsorbent bed would be brought online (i.e. for adsorption) while the second 
bed regenerates and the first adsorbent bed undergoes cooling after regeneration. Once 
saturated, the third adsorbent bed would be replaced by the first regenerated adsorbent 
bed and so on. 
• The life of one bed, termed number of bed cycles, is presented in terms of the number of 
cycles one bed can operate for before needing replacement. One cycle represents a 
completed adsorption and regeneration run. 
• Electricity Cost = 11.44 p/kWh based on the average non-domestic electricity cost in 
2014 (DECC, 2014) 
• Cooling Water cost = 2.05 p/m3 as of end 2014, based on a price of 1.5 p/m3 in 2004 
(Sinnott, 2005) and an inflation factor of 1.37 (Coinnews Media Group LLC (Coin 
News), 2015) 
• Compressed N2 Cost = £27.75 for 50 litres (BOC, 2015) 
• Average volume of each Nitrogen flush = 3.127 litres  
• For a single bed of Dow (constant volume case, where mass of Dow is 1.17 kg), 
Adsorption Time = 86 minutes, Regeneration Time = 80 minutes (Adsorption and 
regeneration information from Dow Trial 3 (Chapter 4 and 5) was assumed during the 
economic analysis).  
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• For a single bed of AC, Adsorption Time = 251 minutes, Regeneration Time = 225 
minutes (Adsorption and regeneration information for AC (Chapter 4 and 5) was 
assumed during the economic analysis). 
• Regeneration of a single Dow adsorbent bed is carried out in 2 batches and regeneration 
of a single AC adsorbent bed is carried out in 5 batches (Note: this procedure was carried 
out for all of the regeneration experiments reported in Chapter 5 and is therefore 
considered during this economic analysis). 
• For each batch of adsorbent, Nitrogen flushing is carried out once prior to regeneration, 
and once after regeneration (to bring the system back up to atmospheric pressure). This 
process is carried out to ensure an oxygen-free atmosphere during regeneration. Thus, a 
single Dow regeneration run would involve 4 nitrogen flushes, and a single AC 
regeneration run would involve 10 nitrogen flushes. 
• Microwave Oven Power Consumption = 1500 W 
Consequently, 
!". !"  !"#$  !"#  !"# =    16   ℎ!"!"#   ×60  !"#ℎ!"   40  !"#!"# + 30min !"#$% = 13.7  !"#$/!"# 
!"#$%&'($)  !"#$  !"#  !"#$   = 260  !"#$!"#$ ×13.7   !"#$!"# ×40!"#$!"# = 142,629  !"#$/!"#$ 
!"#$%  !". !"  !"#  !"#$%&"'"()*  !"  !"#$$ =   !"#$%&'($)  !"#$  !"#  !"#$×!". !"  !"#$%!"#$%&ℎ!"#$ℎ  !"#$  ×!". !"  !"!#$%  
The total capital cost is summarised in Table 6.1. These capital costs are subsequently used in 
Table 6.2 and Table 6.3 to compute the total cost (CAPEX & OPEX) for each adsorbent for 
different bed cycles.  
The cost of Dow and AC, reported in this study, were taken from Sigma-Aldrich (Sigma-
Aldrich Co. LLC, 2015). The cost of the regeneration equipment (e.g. Desiccator, connectors, 
adaptors, vacuum pump, product flask and cold trap) was sourced from Fisher Scientific UK 
(Fisher Scientific UK Ltd, 2015). The cost of the stainless steel lab frame, the microwave 
oven, and the vacuum cleaner were sourced from Sigma-Aldrich (Sigma-Aldrich Co. LLC, 
2015), Sharp (Sharp Electronics, 2015) and Numatic International (Numatic International 
Ltd., 2015) respectively. 
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Table 6.1:  Capital costs associated with the adsorption and regeneration process in 
current configuration 
Process Equipment Quantity Unit Price (£) Total Price (£) 
Adsorption 
Vacuum Cleaner 5 206 1032 
Extractor Pipe 5 25 125 
Ball Valve 5 44 220 
Cartridge 15 16 236 
Regeneration 
Microwave Oven 5 230 1150 
Vacuum Pump 1 1525 1525 
Reduction Adaptor 3 28 84 
Expansion Adaptor 3 45 134 
Receiver Bend 2 50 100 
Vacuum Gauge 1 92 92 
Condensers 2 105 209 
Stopcock 2 71 142 
Desiccator 5 227 1135 
Product Flask 1 96 96 
3-Neck Adaptor 1 61 61 
Pear Shaped Funnel 2 77 153 
Cold Trap 1 113 113 
Lab Tubing 1 41 41 
Stainless Steel Lab frame 1 728 728 
TOTAL CAPITAL COST based on an equipment life of 3 years (£) 7377 
ANNUALISED CAPEX (£/yr)  2459 
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Table 6.2: Capital and operating costs associated with using 1.17 kg of virgin Dow adsorbent per bed 
Sub-Section Parameter DOW Economics (1.17 kg) 
Bed 
Replacement  
Bed Cycles (Cycles per Bed) 5 10 15 20 50 100 
Breakthrough Time (min) 86 86 86 86 86 86 
Bed Cycles per Cartridge per Year 553 553 553 553 553 553 
Total Bed Replacements in Press 1658 829 553 415 166 83 
CAPEX Annualised Capital Cost (£/yr) 2459 2459 2459 2459 2459 2459 
Adsorption 
OPEX 
Adsorption Electricity Cons. (kWh/yr) 12,599 12,599 12,599 12,599 12,599 12,599 
Adsorption Elec. Cost (£/yr) 1441 1441 1441 1441 1441 1441 
Regeneration 
OPEX 
Regeneration Electricity Cons. (kWh/yr) 4975 4975 4975 4975 4975 4975 
Regeneration Elec. Cost (£/yr) 569 569 569 569 569 569 
Cooling 
Water OPEX 
CW Flow Rate (m3/hr) 0.20 0.20 0.20 0.20 0.20 0.20 
Total CW Cost for Press (£/yr) 48 48 48 48 48 48 
Nitrogen Gas 
OPEX 
No. of N2 Flushes in Press per year 33,169 33,169 33,169 33,169 33,169 33,169 
Total N2 Cost for Press (£/yr) 57,558 57,558 57,558 57,558 57,558 57,558 
Adsorbent 
OPEX 
Bed Weight (kg) 1.17 1.17 1.17 1.17 1.17 1.17 
Adsorbent Cost per kg (£/kg) 128 128 128 128 128 128 
Adsorbent Cost per Bed (£) 149.8 149.8 149.8 149.8 149.8 149.8 
Total Adsorbent Cost for Press (£/yr) 248,373 124,186 82,791 62,093 24,837 12,419 
TOTAL  TOTAL ANNUALISED COST (£/yr) 310,448 186,262 144,866 124,169 86,913 74,494 
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Table 6.3: Capital and operating costs associated with using 1.5 kg of virgin AC adsorbent per bed 
Sub-Section Parameter Activated Carbon Economics (1.5 kg) 
Bed 
Replacement 
Bed Cycles (Cycles per Bed) 5 10 15 20 50 100 
Breakthrough Time (min) 251 251 251 251 251 251 
Cycles per Cartridge per Year 189 189 189 189 189 189 
Total Bed Replacements in Press 568 284 189 142 57 28 
CAPEX Annualised Capital Cost (£/yr) 2459 2459 2459 2459 2459 2459 
Adsorption 
OPEX 
Adsorption Electricity Cons. (kWh/yr) 12,599 12,599 12,599 12,599 12,599 12,599 
Adsorption Elec. Cost (£/yr) 1441 1441 1441 1441 1441 1441 
Regeneration 
OPEX 
Regeneration Electricity Cons. (kWh/yr) 5082 5082 5082 5082 5082 5082 
Regeneration Elec. Cost (£/yr) 581 581 581 581 581 581 
Cooling 
Water OPEX 
CW Flow Rate (m3/hr) 0.20 0.20 0.20 0.20 0.20 0.20 
Total CW Cost for Press (£/yr) 35 35 35 35 35 35 
Nitrogen Gas 
OPEX 
No. of N2 Flushes in Press per year 28,412 28,412 28,412 28,412 28,412 28,412 
Total N2 Cost for Press (£/yr) 49,302 49,302 49,302 49,302 49,302 49,302 
Adsorbent 
OPEX 
Bed Weight (kg) 1.5 1.5 1.5 1.5 1.5 1.5 
Adsorbent Cost per kg (£/kg) 70 70 70 70 70 70 
Adsorbent Cost per Bed (£) 105 105 105 105 105 105 
Total Adsorbent Cost for Press (£/yr) 59,665 29833 19888 14916 5,967 2983 
TOTAL TOTAL ANNUALISED COST (£/yr) 113,484 83,651 73,707 68,735 59,785 56,802 
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From Table 6.2 and Table 6.3, it can be seen that the total cost associated with Dow lies in 
the range of £75k - £310k. The corresponding value for AC is in the range £57k - £113k. The 
narrower cost range for AC implies that its total cost is not greatly affected by the number of 
bed cycles. On the other hand, the total cost of Dow is highly dependent on the number of 
bed cycles, as witnessed by the steep decline of the two Dow curves (especially between 5 
and 20 bed cycles) in Figure 6.1. Consequently, the range in total cost is larger (£235k), 
requiring each Dow bed to last for a greater number of cycles if it to prove economically 
viable. 
On breaking the total cost into its individual parts (Table 6.2 and Table 6.3), it can be seen 
that the largest contributors are Nitrogen Flushing costs and the cost of the Adsorbent itself. 
Nitrogen is flushed through the system to purge any air that may be present. In the case of 
Dow, where the regeneration of an entire bed is carried out in two batches, nitrogen flushing 
is carried out 4 times. For AC, five batches are needed to regenerate the adsorbent each time, 
requiring 10 flushes of nitrogen. Over the year, the number of nitrogen flushes associated 
with Dow (constant volume case) and AC are 33,169 and 28,412 respectively (each flush 
costs an estimated £1.74); this results in the large contribution of Nitrogen flushing to total 
cost. The second largest contributor to total cost is the adsorbent cost; this is dependent on the 
unit cost of the adsorbent and the number of bed replacements needed over the year. This cost 
is particularly inflated for Dow, as it is nearly twice as expensive as AC on a per kilogram 
basis. 
The other minor costs in the process are the capital costs required to purchase the equipment 
and utility costs such as electricity and cooling water. These costs are similar regardless of 
the adsorbent used. 
6.3 Comparison of the total cost for a Constant Mass of Adsorbent  
In Section 6.2, a cost analysis was conducted comparing two adsorbents of the same volume; 
in this section, the cost analysis is conducted on the basis of each adsorbent having the same 
mass (1.5 kg). The breakthrough time for 1.5 kg of Dow, determined using the breakthrough 
model on Matlab, was found to be 100 minutes. The regeneration time for this mass of Dow 
was also determined to be 100 minutes. Apart from this, all other considerations detailed in 
Section 6.2 are valid for the calculations in this sub-section.    
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While the capital costs remain unchanged (Table 6.1), the operating costs do vary. The total 
costs associated with 1.5 kg of Dow as a function of bed cycles is presented in Table 6.4.  
Figure 6.1 presents a comparison of the total cost associated with Activated Carbon (AC) and 
the two different masses of Dow as a function of bed cycles. The illustration clearly shows 
that AC presents the more economic option compared to either of the Dow scenarios. In the 
case of Dow, the large initial dependence of cost on bed cycles is a function of the high unit 
cost of Dow (£128/kg in comparison to £70/kg for AC). 
 
Figure 6.1: Total annual cost comparison between Dow and AC for the current 
configuration 
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Table 6.4: Capital and operating costs associated with using 1.5 kg of virgin Dow adsorbent per bed 
Sub-Section Parameter Dow Economics (1.5 kg) 
Bed 
Replacement  
Bed Cycles (Cycles per Bed) 5 10 15 20 50 100 
Breakthrough Time (min) 100 100 100 100 100 100 
Cycles per Cartridge per Year 475 475 475 475 475 475 
Total Bed Replacements in Press 1426 713 475 357 143 71 
CAPEX Annualised Capital Cost (£/yr) 2459 2459 2459 2459 2459 2459 
Adsorption 
OPEX 
Adsorption Electricity Cons. (kWh/yr) 12,599 12,599 12,599 12,599 12,599 12,599 
Adsorption Elec. Cost (£/yr) 1441 1441 1441 1441 1441 1441 
Regeneration 
OPEX 
Regeneration Electricity Cons. (kWh/yr) 5669 5669 5669 5669 5669 5669 
Regeneration Elec. Cost (£/yr) 649 649 649 649 649 649 
Cooling 
Water OPEX 
CW Flow Rate (m3/hr) 0.20 0.20 0.20 0.20 0.20 0.20 
Total CW Cost for Press (£/yr) 48 48 48 48 48 48 
Nitrogen Gas 
OPEX 
No. of N2 Flushes in Press per year 28,526 28,526 28,526 28,526 28,526 28,526 
Total N2 Cost for Press (£/yr) 49,500 49,500 49,500 49,500 49,500 49,500 
Adsorbent 
OPEX 
Bed Weight (kg) 1.5 1.5 1.5 1.5 1.5 1.5 
Adsorbent Cost per kg (£/kg) 128 128 128 128 128 128 
Adsorbent Cost per Bed (£) 192 192 192 192 192 192 
Total Adsorbent Cost for Press (£/yr) 273,847 136,923 91,282 68,462 27,385 13,692 
TOTAL  TOTAL ANNUALISED COST (£/yr) 327,944 191,020 145,379 122,559 81,482 67,789 
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In this case, where the mass of Dow used is the same as AC, the total cost range for 1.5 kg of 
Dow is £68k - £328k (Table 6.4). As before, in the case of Dow, the total cost is found to be 
sensitive to bed cycles. A large range in total cost of £260k supports this; thus, especially 
with Dow, the economic viability of the project may be dictated to a large extent by its 
longevity as an adsorbent.  
As before, breaking the total cost into individual parts, the largest contributors are nitrogen 
flushing costs and Adsorbent cost. In this case, a total of 28,526 nitrogen flushes are required 
over the year. The other minor costs for Dow (constant mass case), namely electricity and 
cooling water, do not vary significantly from the corresponding costs for Dow (constant 
volume case) in the previous section.   
Figure 6.1 shows that for a given number of bed cycles, using 1.5 kg of Dow (same mass as 
AC) is more economic than using 1.17 kg of Dow (same volume as AC). The largest 
contributor to the difference in numbers is the cost associated with nitrogen flushing; the 
larger mass of Dow has a higher breakthrough time (100 minutes as opposed to 86 minutes 
when 1.17 kg of Dow is used), thereby requiring fewer adsorption/regeneration cycles, and 
consequently fewer flushes of nitrogen over the year. 
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6.4 A plausible redesign of the prototype 
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Figure 6.2: The capture and regeneration system for 1 unit of the printing press 
A plausible redesign of the capture and regeneration system is shown in Figure 6.2. As can be 
seen, the adsorption and regeneration units are combined into one unit. The process flow 
diagram of this adsorption and regeneration process is shown in Figure 6.3. The operating 
procedure involves placing the cartridge inside the vacuum cleaner and thereafter switching 
on the vacuum cleaner, which in turn starts a timer. The purpose of the timer is to sound an 
alarm when breakthrough has been reached. The second step involves removing the 
adsorbent bed, resetting the timer on the adsorption unit and placing the saturated bed in the 
microwave (regeneration unit). The regeneration process first involves; (i) switching on the 
vacuum pump until the reading on the pressure gauge has reached its lowest value, (ii) Once 
complete vacuum has been achieved, turning the 3-way valve to the Nitrogen supply for a 
specified amount of time, (iii) turning the valve back to the vacuum supply, and, (iv) 
switching on the microwave oven for a given amount of time. The final stage in the 
regeneration process involves turning the 3-way valve to the Nitrogen supply so as to bring 
the system pressure back up to atmospheric pressure. The adsorbent bed from the 
regeneration unit is then placed inside the cooling unit until where a fan is used to bring the 
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bed temperature down to atmospheric temperature. In this manner, the adsorption, 
regeneration and cooling process takes place simultaneously. As mentioned previously, in a 
single press of five units, three adsorption beds are allocated per printing unit (one on duty, 
one being regenerated, and, one in hand) ensuring continuous capture of emitted IPA vapours 
and continuous regeneration. 
 
Figure 6.3: Process flow diagram of the adsorption and regeneration process 
6.4.1 Economic analysis of redesign 
As with the current configuration, an economic analysis of the redesign was carried out. The 
performance of Activated Carbon (1.5 kg) and an equivalent volume of Dow (1.17 kg) were 
evaluated as a function of the number of bed cycles. Most of the assumptions stated in 
Section 6.2 are valid for the redesign with the following exceptions: 
• Lang factors of 0.7, 0.2 and 0.1 are applied to the equipment capital costs to account for 
additional costs associated with piping, instrumentation and electricity respectively 
(Sinnott, 2005). This represents the Physical Plant Cost (PPC). 
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An additional Lang factor of 0.1 is applied on the PPC as contingency to give the Fixed 
Capital cost, which is subsequently used in the economic analysis. The equipment run 
life of 3 years is unchanged from the current setup.  
• Due to the relatively low temperatures at which complete condensation occurs, cooling 
water is replaced by refrigerant as the cooling medium. The refrigeration is found to cost 
$2.8 x 10-6 per second (Smith, 2005) 
• A 2015 conversion rate of £1 = $1.5745 was used (XE, 2015). 
• Heat exchanger tube length = 10 m 
Heat exchanger tube I.D. = 21 mm (Sinnott, 2005) 
I.D. of common pipe from bed outlet to condenser = 21 mm 
• Each bed of Dow or AC is regenerated in a single batch 
• While using AC, two flushes of Nitrogen are required per batch – one before 
regeneration and one after regeneration 
• Nitrogen flushing is not required when using Dow because unlike AC, it does not spark 
when subjected to microwaves. 
• Average volume of each Nitrogen flush = 1.271 litres 
• An average IPA flow rate of 0.0184 kg/min was assumed to enter the press (or 0.0037 
kg/min per unit). Based on the prototype efficiency of 25%, the average flow rate of IPA 
captured in the press is assumed to be 0.0046 kg/min 
The capital costs associated with the redesign in presented in Table 6.5.  
The cost of the condenser was determined using Coulson and Richardson Volume 6 (Sinnott, 
2005). The quote for the cartridge was given by Maceplast UK in an email on the 28th August 
2015 (Maceplast U.K. Ltd, 2015). The cost of the microwave and the vacuum pump was 
sourced from Empire Supplies (Empire Supplies Ltd, 2015) and Cole-Parmer (Cole-Parmer 
Instrument Co. Ltd., 2015) respectively. 
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Table 6.5: Capital costs associated with the redesign of the prototype 
Adsorption 
Equipment Number Price/unit (£) Total Cost (£) 
Vacuum cleaner 5 206 1032 
Extractor Pipe 5 25 125 
Ball Valve 5 44 220 
Cartridge 14 75 1262 
Regeneration 
Microwave Oven 5 238 1190 
Vacuum Pump 1 442 442 
Vacuum Gauge 1 92 92 
Condenser 1 1300 1300 
Product Flask 1 96 96 
Purchase Cost of Equipment (PCE) (£) 5758 
Physical Plant Cost (PPC) (£) 11517 
TOTAL CAPITAL COST based on an equipment life of 3 years (£) 12669 
ANNUALISED CAPEX (£/yr) 4223 
The Fixed Capital, split over 3 years, is taken as the true annual capital cost for the purpose of 
analysis. A summary of the capital and operating costs for AC and an equivalent volume of 
Dow is presented in Table 6.6 and Table 6.7 respectively. 
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Table 6.6: Capital and operating costs associated with using 1.17 kg of virgin Dow adsorbent per bed 
Sub-Section Parameter DOW Economics (1.17 kg) 
Bed 
Replacement  
Bed Cycles (Cycles per Bed) 5 10 15 20 50 100 
Breakthrough Time (min) 86 86 86 86 86 86 
Bed Cycles per Cartridge per Year 553 553 553 553 553 553 
Total Bed Replacements in Press 1658 829 553 415 166 83 
CAPEX Annualised Capital Cost (£/yr) 4223 4223 4223 4223 4223 4223 
Adsorption 
OPEX 
Adsorption Electricity Cons. (kWh/yr) 12,599 12,599 12,599 12,599 12,599 12,599 
Adsorption Elec. Cost (£/yr) 1441 1441 1441 1441 1441 1441 
Regeneration 
OPEX 
Regeneration Electricity Cons. (kWh/yr) 4975 4975 4975 4975 4975 4975 
Regeneration Elec. Cost (£/yr) 569 569 569 569 569 569 
Refrigerant 
OPEX 
Daily cost of refrigerant (£/day) 0.15 0.15 0.15 0.15 0.15 0.15 
Annual refrigerant cost (£/yr) 56 56 56 56 56 56 
Adsorbent 
OPEX 
Bed Weight (kg) 1.17 1.17 1.17 1.17 1.17 1.17 
Adsorbent Cost per kg (£/kg) 128 128 128 128 128 128 
Adsorbent Cost per Bed (£) 149.8 149.8 149.8 149.8 149.8 149.8 
Total Adsorbent Cost for Press (£/yr) 248,373 124,186 82,791 62,093 24,837 12,419 
TOTAL 
Total Annualised Cost (£/yr) 254,662 130,476 89,080 68,383 31,127 18,708 
Cost of Solvent ($/lb of IPA captured) 279 143 97 75 34 20 
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Table 6.7: Capital and operating costs associated with using 1.5 kg of virgin AC adsorbent per bed 
Sub-Section Parameter Activated Carbon Economics (1.5 kg) 
Bed 
Replacement 
Bed Cycles (Cycles per Bed) 5 10 15 20 50 100 
Breakthrough Time (min) 251 251 251 251 251 251 
Cycles per Cartridge per Year 189 189 189 189 189 189 
Total Bed Replacements in Press 568 284 189 142 57 28 
CAPEX Annualised Capital Cost (£/yr) 4223 4223 4223 4223 4223 4223 
Adsorption 
OPEX 
Adsorption Electricity Cons. (kWh/yr) 12,599 12,599 12,599 12,599 12,599 12,599 
Adsorption Elec. Cost (£/yr) 1441 1441 1441 1441 1441 1441 
Regeneration 
OPEX 
Regeneration Electricity Cons. (kWh/yr) 5082 5082 5082 5082 5082 5082 
Regeneration Elec. Cost (£/yr) 581 581 581 581 581 581 
Refrigerant 
OPEX 
Daily cost of refrigerant (£/day) 0.15 0.15 0.15 0.15 0.15 0.15 
Annual refrigerant cost (£/yr) 56 56 56 56 56 56 
Nitrogen Gas 
OPEX 
No. of N2 Flushes in Press per year 5682 5682 5682 5682 5682 5682 
Total N2 Cost for Press (£/yr) 4008 4008 4008 4008 4008 4008 
Adsorbent 
OPEX 
Bed Weight (kg) 1.5 1.5 1.5 1.5 1.5 1.5 
Adsorbent Cost per kg (£/kg) 70 70 70 70 70 70 
Adsorbent Cost per Bed (£) 105 105 105 105 105 105 
Total Adsorbent Cost for Press (£/yr) 59,665 29,833 19,888 14,916 5,967 2,983 
TOTAL 
Total Annualised Cost (£/yr) 69,975 40,142 30,198 25,226 16,276 13,293 
Cost of Solvent ($/lb of IPA captured) 77 44 33 28 18 15 
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Figure 6.4 presents an economic comparison of the adsorbents between the current 
configuration and the redesign. For a given number of bed cycles, it is evident that the 
redesign is the more attractive option for Dow and AC. Reviewing the individual components 
that make up the total cost, it can be seen that the capital costs associated with the redesign is 
greater than the current setup owing to contingencies on pipeline, instrumentation and 
electrical costs. However, the increase in capital cost is greatly offset by a reduction in the 
nitrogen flushing requirements; this is the single most important factor that makes the 
redesign more economically attractive than the current configuration.         
 
Figure 6.4: Total annual cost comparison between Dow and AC for the redesign and the 
current configuration 
 
6.5 Comparing VOC Control Technologies 
The technology proposed in this study was compared to other VOC Control Technologies 
from an economic perspective. A detailed costing for all of the control technologies are 
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various control systems operating on two separate VOC emission streams. In the first stream, 
the VOCs are captured from the building permanent total enclosure (PTE). Here, the flowrate 
and concentration is representative of a large printing plant. The second stream is comparable 
to close-capture (CC) collection at the print nip (i.e. point of maximum solvent evaporation). 
Methyl ethyl ketone (MEK) is assumed to be the VOC in each case. 
In thermal oxidation, the VOCs are oxidised at temperatures high enough to cause a complete 
reaction, resulting in carbon dioxide and water formation. In the case presented in Table 6.8, 
the energy recovered in the thermal incinerators involves recuperative heat exchangers. 
Unlike thermal oxidation, catalytic oxidation involves oxidising the VOCs at significantly 
lower temperatures (on account of the catalyst reducing the reaction’s activation energy). 
Thus, the lower combustion temperature possible with catalytic oxidation reduces the fuel 
consumption as compared to thermal oxidation. The fixed bed steam technology utilises 
steam stripping for a bed of hydrophobic zeolite. Although it was classified as being cheap 
and simple, Price and Schmidt (1998) report it was being inefficient due the large heat of 
vaporisation wasted in the condenser. Additionally, the fixed bed steam technology involves 
a separate drying stage on completion of regeneration, and, is considered to be uneconomical 
for recovery of water miscible solvents. Price and Schmidt (1998) further state that the large 
steam requirements for steam stripping more than offsets the higher unit cost of electricity for 
microwave energy (see Table 6.8).  
The fixed bed hot gas technology employs a polymeric adsorbent. Here, the circulating 
nitrogen stream is heated by a medium pressure steam heater. The heat recovery heat 
exchanger, preheats the non-condensables from the condenser by using the sensible heat from 
the desorbed VOC and nitrogen mixture, thus reducing the steam consumption and 
refrigeration requirements. The disadvantage of this technology, however, was stated as being 
the requirement of a large volume of stripping gas (to supply the desired amount of 
desorption energy to the bed) as a result of the low specific heat capacity of nitrogen. The 
refrigeration power requirements in this case were found to surpass the microwave heating 
and vacuum pump power requirements for the fixed bed microwave regeneration technology 
(see Table 6.8). This is because of the low dew-point temperature of the VOC in the dilute 
mixture (in the case of the fixed bed hot gas technology).  
On comparing the VOC recovery technologies, Price and Schmidt (1998) found that the 
fluidised bed adsorption (with or without MW regeneration) and MW regenerated fixed bed 
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adsorption columns are the most cost effective solutions to solvent recovery. They found that 
the value of the recovered solvent exceeds the cost of the control system. The fixed bed batch 
microwave regeneration system described by Price and Schmidt is shown in Figure 6.5. In the 
case of the operating costs, the analysis does not consider adsorbent replacement costs as it 
states that the polymeric adsorbent lifetime is 10 years and that of activated carbon is 3 years. 
 
Figure 6.5: Fixed-bed batch microwave regeneration system proposed by Price and 
Schmidt (1998) 
From Table 6.6, the Cost of Solvent (COS) (equation  
(6.1)) associated with Dow is found to range from $20/lb to $279/lb of IPA captured. The 
corresponding range for AC (Table 6.7) is calculated to lie between $15/lb and $77/lb. On 
comparison with the alternate technologies (e.g. catalytic oxidation, thermal oxidation, fixed 
bed microwave regeneration etc.) presented in Table 6.8, it can be seen that the COS for Dow 
and AC are significantly higher.  This can be attributed to a combination of low adsorbent 
cost ($12/kg as opposed to $201/kg used in this study), high VOC flowrates and longer 
operational times used in Price and Schmidt. 
 
 
 
!"#   $!" =   !""#$%&'()  !"#$%   £!" + !""#$%&'()  !"#$   £!"!"##  !"#$  !"#$  !"  !"#  !"#$%&'(   !"!"    ×1.5745 $£  
 
 
(6.1) 
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Table 6.8: A comparison of VOC control technologies for the CC flow conditions (MEK at 3220 ppm in 22500 cfm)  
(Source: (Price and Schmidt, 1998)) 
 
To convert prices from 1998 USD to 2015 USD, an inflation factor of 1.46 can be used (Coinnews Media Group LLC (Coin News), 
2015). Subsequent conversion from 2015 USD to 2015 GBP can be carried out using an exchange rate of £1 = $1.5745 (XE, 2015)
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6.6 Summary and Conclusions 
This section presents a study to determine the economic viability of two adsorbents, 
Activated Carbon and Dow; two different Dow masses of 1.17 kg and 1.5 kg were used. 
Results of the economic analysis showed that the total annual cost for AC ranged from £57k - 
£113k, while the corresponding cost across the two Dow scenarios ranged from £68k - 
£328k. Overall, AC was found to be the more economic adsorbent even if each bed is 
replaced on a more frequent basis.  
Another point of note is the sensitivity of cost to bed cycles; the total cost associated with AC 
is similar whether each bed lasts for 5 cycles or 100 cycles. On the contrary, bed longevity is 
important in the case of Dow as supported by a total cost range of £260k. 
An investigation into the total cost associated with each adsorbent shows that the major 
contributors are nitrogen flushing cost and adsorbent cost. The adsorbent replacement costs 
are especially noticeable in the case of Dow, where each kilogram is nearly twice as 
expensive as AC. 
As part of the study, a redesign of the prototype was carried out with the purpose of 
presenting the user with a more compact and marketable design. Result of the economic 
analysis of the redesign showed that the total annual cost for AC ranged from £13k - £70k 
while the corresponding cost for Dow ranged from £19k - £255k. The difference in cost can 
be explained by the lower nitrogen flushing requirements in the redesign as compared to the 
current configuration. 
Finally, when performing a comparison of the VOC Control Technologies, it was found that 
the COS associated with this technology was significantly higher than the alternate 
technologies due to the higher adsorbent costs and lower VOC flowrates utilised in this study.              
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7 Overall Conclusions 
The main aim of this project involved developing and testing a complete demonstration scale 
capture and regeneration system capable of reusing both, the adsorbent and the adsorbed 
VOC (IPA). A prototype adsorber was built and tested at a lithographic printing company for 
the purpose of capturing the IPA emissions, under industrial conditions. Regeneration of the 
saturated adsorbent was carried out using microwaves. The performance of two adsorbents, 
Dow and AC, were compared in this study. The overall conclusions are as follows; 
• AC is a predominantly microporous adsorbent while Dow was found to contain 
micropores as well as mesopores. This was evident from the Nitrogen isotherms, pure IPA 
isotherms and from the pore size distribution. The IPA isotherms for both adsorbents were 
best described by the multi-temperature Toth isotherm while the CIMF model fitted well 
to the pure water isotherms. 
• Dow is more hydrophobic than AC since it possesses the lowest water vapour uptakes at 
the low pressure range. 
• The results from the mixture experiments involving Dow showed ideal adsorption in that 
all of the virial coefficients in both runs (of different vapour composition) possessed a 
value of 0, indicating that no adjustment to pure component data was required when 
predicting the isotherms. Highly non-ideal behaviour was evident with the mixture 
isotherms obtained on using AC. For AC it was concluded that the constant IPA vapour 
phase mole fraction throughout the adsorption experiment is invalid and a study of such 
non-ideal behaviour would require measurements of the individual contributions made by 
IPA and water. 
• The fixed bed adsorption experiments proved that for both adsorbents, the IPA entering 
the bed does not exit the bed straight away, thus implying that all the IPA entering the bed 
during the initial period of the experiments had been captured by the adsorbents. With 
regards to breakthrough times, the IPA took longer to breakthrough on AC as compared to 
Dow. Additionally, a lower weight gain was evident in the case of Dow. All of this can be 
attributed to the lower bulk density of Dow, and, the difference in pure IPA isotherms 
obtained using each adsorbent. 
• The mathematical model was able to predict fixed bed adsorption of IPA on Dow fairly 
accurately whereas; large deviations between the actual and predicted breakthrough curves 
were evident for AC (due to inaccuracies in isotherm modelling). 
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• Dow was found to capture a higher percentage of IPA than water as compared to AC. 
• The overall efficiency of the prototype at the printing facility was found to be 
approximately 25%. On redesigning the capture mechanism, higher capture efficiency can 
be achieved. However, a large fraction of IPA is transferred onto the printing rollers and is 
therefore not captured by the prototype. Thus, the current design is not optimal with 
respect to the amount of IPA it could capture as it does not meet the VOC emissions target 
reported in the Solvent Emissions Directive. 
• With regards to microwave regeneration, 88% and 97% regeneration of captured material 
was achieved for Dow and AC respectively. Complete regeneration was not possible with 
Dow since at just over 12.6 minutes, plasma formation was observed (due to the 
limitations associated with a domestic MW oven). 
• In the case of both adsorbents, the percentage IPA in the regenerate was found to increase 
with irradiation time. 
• Thermal images and final bed temperature measurements showed that Dow is transparent 
to microwaves while AC is a microwave absorbing adsorbent. 
• Microwave regeneration was found to restore both adsorbents to its original capacity and 
is therefore favourable for both adsorbents. 
• In terms of safety, Dow was found to be the safer of the two adsorbents since, unlike AC; 
no sparks were visible during microwave regeneration of Dow. 
• AC was found to be more economical of the two adsorbents even if each bed were to be 
replaced on a frequent basis. This is because; each kg of Dow is almost twice as expensive 
as AC. An investigation into the total cost associated with each adsorbent showed that the 
major contributors are Nitrogen flushing costs and adsorbent costs. Finally, when 
performing a comparison of the VOC Control Technologies, it was found that the COS 
associated with this technology was significantly higher than the alternate technologies 
due to the higher adsorbent costs and lower VOC flowrates utilised in this study. 
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7.1 Recommendations 
• Co-adsorption experiments, involving IPA and water on AC and Dow respectively, 
which also enables determination of the individual species contribution at pressures up to 
saturation, would lead to improved model accuracy and more accurate descriptions of 
dynamic experiments. 
• Repeats of the fixed bed adsorption experiments, and experimental data obtained on 
varying the bed height at the printing facility, would enable improved breakthrough 
predictions and would also result in a better understanding of the nature of printing 
operations (i.e. typical inlet concentrations). 
• Modifications to the extractor pipe which enables IPA vapours to be drawn from nearer 
the rollers would result in increased IPA concentration at the inlet of the bed and 
therefore a higher weight gain in adsorbent in a given time. 
• In the case of regeneration, modifying the microwave chamber such that the microwaves 
are directed straight at the adsorbent would; (i) result in effective regeneration of the 
adsorbents, (ii) minimise hotspots, (iii) speed up the regeneration process (therefore 
reduced power consumption), and, (iv) prevent plasma formation (in the case of Dow).  
 
 
 
 
 
 
 
Chapter 8: References 
150 
 
8 References 
Ambrozek, B., Kruczowska, E., Popiolek, P., Zietarska, K., 2014. Equilibrium adsorption of 
isopropanol on the adsorbent polymer Dowex Optipore V503. Chem. Eng. Equip. 53, 
215–216. 
 
Ania, C.O., Menendez, J.A., Parra, J.B., Pis, J.J., 2004. Microwave-induced regeneration of 
activated carbons polluted with phenol. A comparison with conventional thermal 
regeneration. Carbon N. Y. 42, 1383–1387. 
 
Appel, W.S., 1998. Adsorption Equilibrium and Fixed-Bed Dynamics for Organic 
Compounds and Water Vapor on Activated Carbon. University of Virginia. 
 
Atwater, J.E., Wheeler, R.R.J., 2004. Microwave permittivity and dielectric relaxation of a 
high surface area activated carbon. Appl. Phys. A –Materials Sci. Process. 79, 125–129. 
 
Bathen, D., 2003. Physical waves in adsorption technology - an overview. Sep. Purif. 
Technol. 33, 163 – 177. 
 
Beckman Coulter, 2011. Coulter SA 3100 Series Training Course Workbook 9914797 - A. 
Beckman Coulter United Kingdom Ltd., High Wycombe. 
 
Bhonsle, A., 2010. VOC Capture from the Printing Industry using Adsorption Technology. 
Department of Chemical and Process Engineering, University of Surrey, Guildford. 
 
BOC, 2015. Industrial Gases UK [WWW Document]. URL 
http://www.boconline.co.uk/en/index.html (accessed 29.06.15). 
 
Bradshaw, S.M., van Wyk, E.J., de Swardt, J.B., 1998. Microwave heating principles and the 
application to the regeneration of granular activated carbon. J. South African Inst. Min. 
Metall. 201–212. 
 
Burkholder, H.R., Fanslow, G.E., Bluhm, D.D., 1986. Recovery of Ethanol from a Molecular 
Sieve by Using Dielectric Heating. Ind. Eng. Chem. Fundam. 25, 414 – 416. 
 
Cha, C.Y., 2002. Process for microwave gas purification. US Patent No: 6,419, 799 B1. 
 
Cherbanski, R., Komorowska-Durka, M., Stefanidis, G.D., Stankiewicz, A.I., 2011. 
Microwave Swing Regeneration vs Temperature Swing Regeneration—Comparison of 
Desorption Kinetics. Ind. Eng. Chem. Res. 50, 8632–8644. 
 
Chapter 8: References 
151 
 
Cherbanski, R., Molga, E., 2009. Intensification of desorption processes by use of 
microwaves-An overview of possible applications and industrial perspectives. Chem. 
Eng. Process. Process Intensif. 48, 48–58. 
 
Clean Air Technology Centre, 1999. CATC Technical Bulletin: Choosing an adsorption 
system for VOC: carbon, zeolite or polymers? North Carolina. 
 
Coinnews Media Group LLC (Coin News), 2015. US Inflation Calculator [WWW 
Document]. URL http://www.usinflationcalculator.com/ (accessed 28.06.15). 
 
Cole-Parmer Instrument Co. Ltd., 2015. Cole-Parmer Fluid Handling and Analysis [WWW 
Document]. URL http://www.coleparmer.co.uk (accessed 28.08.15). 
 
Coss, P.M., Cha, C.Y., 2000. Microwave Regeneration of Activated Carbon Used for 
Removal of Solvents from Vented Air. J. Air Waste Manage. Assoc. 50, 529 – 535. 
 
Cossarutto, L., Zimny, T., Kaczmarczyk, J., Siemieniewska, T., Bimer, J., Weber, J.., 2001. 
Transport and sorption of water vapour in activated carbons. Carbon N. Y. 39, 2339–
2346. 
 
Dabrowski, A., 2001. Adsorption - from theory to practice. Adv. Colloid Interface Sci. 93, 
135 – 224. 
 
Dada, A.O., Olalekan, A.P., Olatunya, A.M., Dada, O., 2012. Langmuir , Freundlich , 
Temkin and Dubinin – Radushkevich Isotherms Studies of Equilibrium Sorption of Zn 2 
+ Unto Phosphoric Acid Modified Rice Husk. IOSR J. Appl. Chem. 3, 38–45. 
 
Das, D., Gaur, V., Verma, N., 2004. Removal of volatile organic compound by activated 
carbon fiber. Carbon N. Y. 42, 2949–2962. 
 
De Smedt, C., Someus, E., Spanoghe, P., 2015. Potential and actual uses of zeolites in crop 
protection. Pest Manag. Sci. 71, 1355–67. 
 
Delgado, J.M.P.Q., 2005. A critical review of dispersion in packed beds. Heat Mass Transf. 
2006, 279–310. 
 
Do, D.D., Do, H.D., 1999. A model for water adsorption in activated carbon. Carbon N. Y. 
38, 767–773. 
 
Dutta, B.K., 2007. Principles of Mass Transfer and Separation Processes. PHI Learning Pvt. 
Ltd., New Delhi. 
Chapter 8: References 
152 
 
Empire Supplies Ltd, 2015. Empire Supplies Online - Catering for your business [WWW 
Document]. URL http://www.empiresuppliesonline.co.uk (accessed 28.08.15). 
 
European Council, 2010. Directive 2010/75/EU Of The European Parliment And Of The 
Council of 24 November 2010 on Industrial Emissions (integrated pollution prevention 
and control). Off. J. Eur. Union 17–119. 
 
European Council, 1999. Council Directive 1999/13/EC: On the limitation of emissions of 
volatile organic compounds due to the use of organic solvents in certain activities and 
installations [WWW Document]. URL http://eur-
lex.europa.eu/LexUriServ/LexUriServ.do?uri=CONSLEG:1999L0013:20090112:EN:P
DF (accessed 29.07.14). 
 
Finn, J.E., Qi, N., Appel, W.S., LeVan, M.D., 2006. Adsorption Dynamics of Organic 
Compounds and Water Vapor in Activated Carbon Beds. Ind. Eng. Chem. Res. 45, 
2303–2314. 
 
Fisher Scientific UK Ltd, 2015. Fisher Scientific [WWW Document]. URL 
https://www.fishersci.co.uk/gb/en/home.html (accessed 23.06.15). 
 
Foley, N.J., Thomas, K.M., Forshaw, P.L., Stanton, D., Norman, P.R., 1997. Kinetics of 
Water Vapor Adsorption on Activated Carbon. Langmuir 13, 2083–2089. 
 
Foo, K.Y., Hameed, B.H., 2010. Insights into the modeling of adsorption isotherm systems. 
Chem. Eng. J. 156, 2–10. 
 
Gao, H., Dahui, W., Ye, Y., Tan, T., 2002. Binary Adsorption Equilibrium of Benzene-Water 
Vapor Mixtures on Activated Carbon. Chinese J. Chem. Eng 10, 367–370. 
 
GCA: Greeting Card Association, 2015. Green Matters [WWW Document]. URL 
http://www.glebecottage.co.uk/GCA_Oct07.pdf (accessed 30.07.15). 
 
Glueckauf, E., Coates, J.I., 1947. 241. Theory of Chromatography. Part IV . The Influence of 
Incomplete Equilibrium on the Front Boundary of Chromatograms and on the 
Effectiveness of Separation. J. Chem. Soc. 1315–1321. 
 
Greskovich, E.J., O’Bara, J.T., 1968. Perforated-Pipe Distributors. Communication 7, 593–
595. 
 
Hashisho, Z., Rood, M., Botich, L., 2005. Microwave-Swing Adsorption To Capture and 
Recover Vapors from Air Streams with Activated Carbon Fiber Cloth. Environ. Sci. 
Technol. 39, 6851–6859. 
Chapter 8: References 
153 
 
Hayes, W. V., 1989. Air purification apparatus including high temperature regenerated 
adsorbent particles. US Patent No: 4,863,494. 
 
Heidelberg, 2011. Alcohol-Free and Alcohol-Reduced Printing [WWW Document]. 
Heidelberger Druckmaschinen AG. URL 
https://www.heidelberg.com/global/media/en/global_media/company___about_us/eco_p
ublications/alcohol_free_and_alcohol_reduced_printing.pdf (accessed 17.05.15). 
 
Hi-Tech Coatings, 2006. Material Safety Data Sheet [WWW Document]. URL 
http://www.normanlane.co.uk/msds/wbcoatings/W9900.pdf (accessed 17.05.15). 
 
Knaebel, K.S., 2004. Adsorbent Selection [WWW Document]. URL 
http://adsorption.com/publications/AdsorbentSel1B.pdf (accessed 30.01.15). 
 
Kobayashi, S., Mizuno, K., Kushiyama, S., Aizawa, R., Koinuma, Y., Obuchi, H., 1994. Gas 
adsorption and desorption method. US Patent No: 5,282,886. 
 
Kumar, K.V., de Castro, M.M., Martinez-Escandell, M., Molina-Sabio, M., Rodriguez-
Reinoso, F., 2011. A site energy distribution function from Toth isotherm for adsorption 
of gases on heterogeneous surfaces. Phys. Chem. Chem. Phys. 13, 5753–5759. 
 
Lavanchy, A., Stoeckli, F., 1999. Dynamic adsorption, in active carbon beds, of vapour 
mixtures corresponding to miscible and immiscible liquids. Carbon N. Y. 37, 315–321. 
 
LeVan, M.D., Taqvi, S.M., 1997. Virial Description of Two-Component Adsorption on 
Homogeneous and Heterogeneous Surfaces. Ind. Eng. Chem. Res. 36, 2197–2206. 
 
Linders, M.J.G., Broeke, L.J.P. van den, Kapteijn, F., Moulijn, J.A., Bokhoven, J.J.G.M. van, 
2001a. Binary Adsorption Equilibrium of Organics and Water on Activated Carbon. 
Am. Inst. Chem. Eng. J. 47, 1885–1892. 
 
Linders, M.J.G., Broeke, L.J.P. van den, Kapteijn, F., Moulijn, J.A., Bokhoven, J.J.G.M. van, 
2001b. Binary Adsorption Equilibrium of Organics and Water on Activated Carbon. 
Am. Inst. Chem. Eng. J. 47, 1885–1892. 
 
Long, C., Li, Y., Yu, W., Li, A., 2012. Adsorption characteristics of water vapor on the 
hypercrosslinked polymeric adsorbent. Chem. Eng. J. 180, 106–112. 
 
Maceplast U.K. Ltd, 2015. UK Maceplast - PTFE Finished and Semifinished Products 
[WWW Document]. URL 
http://www.indplastics.com/index.php?option=com_content&view=article&id=79&Item
id=417&lang=en (accessed 28.08.15). 
Chapter 8: References 
154 
 
Malek, A., Farooq, S., 1996. Comparison of Isotherm Models for Hydrocarbon Adsorption 
on Activated Carbon. Am. Inst. Chem. Eng. J. 42, 3191–3201. 
 
Marban, G., Fuertes, A.B., 2003. Co-adsorption of n-butane/water vapour mixtures on 
activated carbon fibre-based monoliths. Carbon N. Y. 42, 71–81. 
 
McCourt, A.S., 1999. Reducing VOC solvent use in the Printing Industry. New South Wales. 
 
Meier, R., 1990. Apparatus for continuously cleaning solvent from waste air. 4,930,294. 
 
Menéndez, J.A., Arenillas, A., Fidalgo, B., Fernández, Y., Zubizarreta, L., Calvo, E.G., 
Bermúdez, J.M., 2010. Microwave heating processes involving carbon materials. Fuel 
Process. Technol. 91, 1–8. doi:10.1016/j.fuproc.2009.08.021 
 
Menendez, J.A., Juarez-Perez, E.J., Ruisanchez, E., Bermudez, J.M., Arenillas, A., 2010. Ball 
lightning plasma and plasma arc formation during the microwave heating of carbons. 
Carbon N. Y. 49, 346–349. doi:10.1016/j.carbon.2010.09.010 
 
Numatic International Ltd., 2015. Numatic International [WWW Document]. URL 
https://www.numatic.co.uk (accessed 01.02.15). 
 
Opperman, S.H., 2009. Microwave heating system and method of removing volatiles from 
adsorbent materials. US Patent No: 7,498,548 B2. 
 
Opperman, S.H., Arsenault, M.S., 1996. Regenerative apparatus for recovery of volatiles. US 
Patent No: 5,509,956. 
 
Park, D.-W., Park, S.-W., Kim, S.-S., Oh, K.-J., 2010. Breakthrough data analysis of 
adsorption of volatile organic compounds on granular activated carbon. KOREAN J. 
Chem. Eng. 27, 632–638. 
 
Pereira, A., Ramos, H.M., 2010. CFD for hydrodynamic efficiency and design optimization 
of key elements of SHP. Int. J. Energy Environ. 1, 937 – 952. 
 
Price, D.W., Schmidt, P.S., 1998. VOC Recovery through Microwave Regeneration of 
Adsorbents: Comparative Economic Feasibility Studies. J. Air Waste Manage. Assoc. 
48, 1146–1155. 
 
Price, D.W., Schmidt, P.S., 1997. Microwave Regeneration of Adsorbents at Low Pressure: 
Experimental Kinetics Studies. J. Microw. Power Electromagn. Energy 32, 145 – 154. 
 
Chapter 8: References 
155 
 
Print Media Technology, 2015. Process of offset printing [WWW Document]. URL 
http://print-media-technology.blogspot.co.uk/2012/03/process-of-offset-printing.html 
(accessed 05.02.15). 
 
Prospec: Eco-innovation, 2009. Market Analysis of the European Printing Industry (Market 
Survey for Greece and UK) 1– 44. 
 
Qi, S., Hay, K.J., Rood, M.J., Cal, M.P., 2000. Equilibrium and Heat of Adsorption for Water 
Vapour and Activated Carbon. J. Environ. Eng. 267 – 271. 
 
Rothenberg, S., Toribio, R., Becker, M., 2002. Environmental Management in Lithographic 
Printing. Printing Industry Centre at Rochester Institute of Technology, Rochester. 
 
Roussy, G., Zoulalian, A., Charreyre, M., Thiebaut, J.-M., 1984. How Microwaves Dehydrate 
Zeolites. J. Phys. Chem. 88, 5702 – 5708. 
 
Rudisill, E.N., Hacskaylo John J., Levan, M.D., 1992. Coadsorption of Hydrocarbons and 
Water on BPL Activated Carbon. Ind. Eng. Chem. Res. 31, 1122–1130. 
 
Rusu, E., 2011. Adsorption Process for the Recovery of VOC’s from the Printing Industry. 
Department of Chemical and Process Engineering, University of Surrey, Guildford. 
 
Sadler, J., 2009. VOC Emissions from the Printing Industry: A Review of Capture and 
Regeneration Technologies. Department of Chemical and Process Engineering, 
University of Surrey, London. 
 
Schmidt-Traub, H., Bathen, D., Schulz, T., Hoffmeister, M., 2003. Method of recovering 
and/or removing organic compounds from gas streams. US Patent No: 6,511,643 B1. 
 
Schmidt, P.S., Price, D.W., 1998. VOC Recovery through Microwave Regeneration of 
Adsorbents: Process Design Studies. J. Air Waste Manag. Assoc. 48, 1135–1145. 
 
Sharp Electronics, 2015. Sharp [WWW Document]. URL http://www.sharp.co.uk/gb 
(accessed 30.01.15). 
 
Sigma-Aldrich Co. LLC, 2015. Sigma-Aldrich [WWW Document]. URL 
http://www.sigmaaldrich.com/united-kingdom.html (accessed 23.06.15). 
 
Sinnott, R.K., 2005. Chemical Engineering Design, 4th ed. Elsevier Butterworth - 
Heinemann, Oxford. 
 
Chapter 8: References 
156 
 
Smith, R., 2005. Chemical Process: Design and Integration. John Wiley & Sons, Ltd, 
Manhester. 
Stehlin hostag Ink Uk (Huber group), 2012a. Safety Data Sheet according to 1907/2006/EC, 
Article 31 [WWW Document]. URL 
http://www.hubergroup.co.uk/fileadmin/Filemounts/UK_files/Safety_Data_Sheets/Foun
ts/Combifix_805519.pdf (accessed 02.03.15). 
 
Stehlin hostag Ink Uk (Huber group), 2012b. Safety Data Sheet Deltawash Premium WM 
[WWW Document]. URL 
http://www.hubergroup.co.uk/fileadmin/Filemounts/UK_files/Safety_Data_Sheets/Delta
_Washes/Deltawash_Premium_D1003.pdf (accessed 02.03.15). 
 
Stehlin hostag Ink Uk (Huber group), 2010. Stafety data sheet Isopropanol [WWW 
Document]. URL 
http://www.hubergroup.co.uk/fileadmin/Filemounts/UK_files/Safety_Data_Sheets/Foun
ts/Isopropanol.pdf (accessed 02.03.15). 
 
Taqvi, S.M., Appel, W.S., LeVan, M.D., 1999. Coadsorption of Organic compounds and 
Water Vapor on BPL Activated Carbon. 4. Methanol, Ethanol, Propanol, Butanol, and 
Modeling. Ind. Eng. Chem. Res. 1, 240–250. 
 
Technotrans, 2013. Dosing systems [WWW Document]. URL 
http://www.technotrans.com/en/industries/printing-industry/dosing-systems-and-
alcohol-stabilisers/fluidos.html (accessed 27.01.15). 
 
Technotrans, 2003. Alcosmart AZR AutoZero Calibration [WWW Document]. URL 
http://www.technotrans.com/en/industries/printing-industry/dosing-systems-and-
alcohol-stabilisers/alcosmart-azr.html (accessed 27.01.15). 
 
Terzyk, A.P., Chatłas, J., Gauden, P.A., Rychlicki, G., Kowalczyk, P., 2003. Developing the 
solution analogue of the Toth adsorption isotherm equation. J. Colloid Interface Sci. 
266, 473–476. 
 
The British Printing Industries Federation, 2014. UK Printing: The Facts and Figures. The 
British Printing Industries Federation, London. 
 
The Dow Chemical Company, 2013. Product Information: Dowex Optipore V503: Polymeric 
Adsorbent for Removal of Organics from Humid Air Streams, Exchange Organizational 
Behavior Teaching Journal. 
 
Tien, C., 1994. Adsorption calculations and Modelling. Butterworth - Heinemann, New York. 
 
Chapter 8: References 
157 
 
Tiggelbeck, D.D., Goyak, G.M., 1993. Method for regenerating particulate adsorbents. US 
Patent No: 5,187,131. 
U.S. EPA, 2006. Control Techniques Guidelines for Offset Lithographic Printing and 
Letterpress Printing. United States. 
 
U.S. EPA, 1993. Control of Volatile Organic Compound Emissions from Offset Lithographic 
Printing - DRAFT. United States. 
 
U.S. Geological Survey, 2005. Water Resources Data—State: Definition Of Terms [WWW 
Document]. URL http://water.usgs.gov/ADR_Defs_2005.pdf (accessed 07.08.14). 
 
Woodmansee, D.E., Carroll, J.J.S., 1993. In place regeneration of adsorbents using 
microwaves. US Patent No: 5,227,598. 
 
XE, 2015. XE Live Exchange Rates [WWW Document]. URL http://www.xe.com/company/ 
(accessed 28.06.15). 
 
 
 
 158 
 
Appendix 
This section contains the MATLAB codes for the fixed bed adsorption model for Dow and 
AC 
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Function file for IPA and water on Dow 
 
% Coded by Karendale Bianca Pereira on 15/05/2015 
 
function [ f ] = IPAwaterBreakthroughmodeldow(t,y) 
  
%-------------------------------------------------------------------------- 
% Definition of Global Parameters 
  
global V T R                                 % System parameters 
global rho void  A L                         % Adsorbent properties 
global qsata qsatw Kldf pia piw p0w z N      % Adsorption parameters 
global b0 qm ti Ha qmw c                     % Isotherm parameters 
 
%-------------------------------------------------------------------------- 
% Calculation of the section length 
  
z = L/(N); 
  
%-------------------------------------------------------------------------- 
% Equations for Section 1 of the bed 
% Isotherm equation to calculate qsat: 
  
qsata = (qm*pia)/(((b0*exp((-ti*Ha)/(R*T)))+(pia^ti))^(1/ti)); 
  
qsatw = (qmw*c*piw)/((p0w-piw)*(1+((c-1)*(piw/p0w)))); 
  
f = zeros(1,4 * N); 
  
% Linear Driving Force Expression for IPA 
  
f(1+N)= Kldf * (qsata - y(1+N)); 
  
% Overall Mass Balance for IPA 
  
f(1)= -((R*T*rho*(Kldf * (qsata - y(1+N))))/void)-((V*(y(1)-
pia))/(A*void*z)); 
  
% Linear Driving Force Expression for water 
  
f(1+(3*N))= Kldf * (qsatw - y(1+(3*N))); 
  
% Overall Mass Balance for water 
  
f(1+(2*N))= -((R*T*rho*(Kldf * (qsatw - y(1+(3*N)))))/void)-
((V*(y(1+(2*N))-piw))/(A*void*z)); 
  
%-------------------------------------------------------------------------- 
% For loop for bed Sections 2 to N 
  
for i= 2:N; 
     
qsata = (qm*y(i-1))/(((b0*exp((-ti*Ha)/(R*T)))+((y(i-1))^ti))^(1/ti)); 
  
qsatw = (qmw*c*y(i+(2*N)-1))/((p0w-y(i+(2*N)-1))*(1+((c-1)*((y(i+(2*N)-
1)/p0w))))); 
 160 
 
  
f(i+N)= Kldf * (qsata - y(i+N)); 
  
f(i)= -((R*T*rho*(Kldf * (qsata - y(i+N))))/void)-((V*(y(i)-y(i-
1)))/(A*void*z)); 
  
f(i+(3*N))= Kldf * (qsatw - y(i+(3*N))); 
  
f(i+(2*N))= -((R*T*rho*(Kldf * (qsatw - y(i+(3*N)))))/void)-
((V*((y(i+(2*N)))-(y(i+(2*N)-1))))/(A*void*z)); 
  
end 
%------------------------------------------------------------------------- 
f=f'; 
  
end 
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Script file for IPA and water on Dow 
 
% Coded by Karendale Bianca Pereira on 15/05/2015 
% Definition of Global Parameters 
  
global V P t T R                                   % System parameters 
global rho void  A L                               % Adsorbent properties 
global qsata qsatw qao Kldf pia piw z N p0w        % Adsorption parameters 
global b0 qm ti Ha qmw c                           % Isotherm parameters 
   
%-------------------------------------------------------------------------- 
% Symbol                  DESCRIPTION                             UNITS 
% System       
           
P    = 78000;    % Operating pressure of the system               [Pa] 
V    = 0.0053;   % Volumetric flow rate through the bed           [m^3/s] 
T    = 295;      % Temperature of the system                      [K] 
R    = 8.3143;   % Gas constant                                   [J/molK] 
 
% Adsorbent properties 
 
rho  = 368;      % Adsorbent bulk density                         [kg/m^3] 
void = 0.40;     % Voidage                                        [-] 
A    = 0.0468;   % Bed area                                       [m^2] 
L    = 0.068;    % Bed Length                                     [m] 
 
% Adsorption parameters 
 
qao  = 0;        % Initial value of q in the bed 
Kldf = 0.0019;   % Mass transfer coefficient                      [1/s] 
pia  = 129.2;    % Partial pressure of IPA into bed section 1     [Pa] 
piw  = 1212;     % Partial pressure of water into bed section 1   [Pa] 
p0w  = 2634;     % Saturated vapour pressure of water             [Pa] 
N    = 70;       % Number bed sections 
 
%Isotherm Parameters 
 
b0   = 1.75e11;  % Toth parameter                                 [Pa^t] 
qm   = 11.5;     % Monolayer capacity                             [mol/kg] 
ti   = 0.875;    % Toth parameters  
Ha   = 56979;    % Heat of adsorption                             [J/mol] 
c    = 3.5;      % BET constant                                     
qmw  = 1.8;      % Monolayer capacity for water                   [mol/kg]   
%-------------------------------------------------------------------------- 
  
y0 = zeros(1, 4*N); 
  
%-------------------------------------------------------------------------- 
  
% ODE SOLVER 
  
[t,y] = ode23s('IPAwaterBreakthroughmodeldow', [0 25000], y0); 
  
%-------------------------------------------------------------------------- 
  
% Graphs 
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time = t; 
subplot(2,1,1); % 2 rows, 2 columns , portion of the window to draw the 
plot 
plot(time,y(:,(N*3)),'k','LineWidth',2,... 
'MarkerFaceColor','k'); grid on; 
axis([0 25000 0 850]); 
xlabel('time [s]'); ylabel('water partial pressure [Pa]'); 
            
subplot(2,1,2);  
plot(time,y(:,N),'-k','LineWidth',2,... 
'MarkerFaceColor','k'); grid on; 
axis([0 10000 0 300]); 
xlabel('time [s]'); ylabel('IPA partial pressure [Pa]'); 
  
  
%-------------------------------------------------------------------------- 
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Function file for IPA and water on AC 
 
% Coded by Karendale Bianca Pereira on 15/05/2015 
 
function [ f ] = IPAwaterBreakthroughmodelAC(t,y) 
  
%-------------------------------------------------------------------------- 
% Definition of Global Parameters 
  
global V T R                                        % System parameters 
global rho void  A L                                % Adsorbent properties 
global qsata qsatw Kldf pia piw p0w z N             % Adsorption parameters 
global b0 qm qmw Ha ti                              % Isotherm parameters 
%-------------------------------------------------------------------------- 
  
% Calculation of the section length 
  
z = L/(N); 
  
%-------------------------------------------------------------------------- 
% Equations for Section 1 of the bed 
% Isotherm equation to calculate qsat: 
  
qsata = exp(log((qm*pia)/(((b0*exp((- 
ti*Ha)/(R*T)))+(pia^ti))^(1/ti)))+(2*0.00027*piw)-
(3*0.0000000274*(piw*pia))-((3/2)*0.00000019*(piw^2))); 
  
qsatw = exp(log((qmw/(1+exp(1.3168*(0.9512-log(piw/(p0w-
piw)))))))+(2*0.00027*pia)-((3/2)*0.0000000274*(pia^2))-
(3*0.00000019*(piw*pia))); 
  
f = zeros(1,4 * N); 
  
% Linear Driving Force Expression for IPA 
  
f(1+N)= Kldf * (qsata - y(1+N)); 
  
% Overall Mass Balance for IPA 
  
f(1)= -((R*T*rho*(Kldf * (qsata - y(1+N))))/void)-((V*(y(1)-
pia))/(A*void*z)); 
  
% Linear Driving Force Expression for water 
  
f(1+(3*N))= Kldf * (qsatw - y(1+(3*N))); 
  
% Overall Mass Balance for water 
  
f(1+(2*N))= -((R*T*rho*(Kldf * (qsatw - y(1+(3*N)))))/void)-
((V*(y(1+(2*N))-piw))/(A*void*z)); 
  
%-------------------------------------------------------------------------- 
% For loop for bed ections 2 to N 
  
for i= 2:N; 
     
 164 
 
qsata =exp(log((qm*y(i-1))/(((b0*exp((-ti*Ha)/(R*T)))+((y(i-
1))^ti))^(1/ti)))+(2*0.00027*y(i+(2*N)-1))-(3*0.0000000274*(y(i+(2*N)-
1))*(y(i-1)))-((3/2)*0.00000019*(y(i+(2*N)-1))^2)); 
  
qsatw =exp(log((qmw/(1+exp(1.3168*(0.9512-log(y(i+(2*N)-1)/(p0w-y(i+(2*N)-
1))))))))+(2*0.00027*y(i-1))-((3/2)*0.0000000274*(y(i-1))^2)-
(3*0.00000019*(y(i+(2*N)-1))*(y(i-1)))); 
  
f(i+N)= Kldf * (qsata - y(i+N)); 
  
f(i)= -((R*T*rho*(Kldf * (qsata - y(i+N))))/void)-((V*(y(i)-y(i-
1)))/(A*void*z)); 
  
f(i+(3*N))= Kldf * (qsatw - y(i+(3*N))); 
  
f(i+(2*N))= -((R*T*rho*(Kldf * (qsatw - y(i+(3*N)))))/void)-
((V*((y(i+(2*N)))-(y(i+(2*N)-1))))/(A*void*z)); 
  
end 
%------------------------------------------------------------------------- 
f=f'; 
  
end 
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Script file for IPA and water on AC 
 
% Coded by Karendale Bianca Pereira on 15/05/2015 
% Definition of Global Parameters 
  
global V P t T R                                 % System parameters 
global rho void  A L                             % Adsorbent properties 
global qsata qsatw qao Kldf pia piw z N p0w      % Adsorption parameters 
global b0 qm qmw Ha ti                           % Isotherm parameters 
   
%-------------------------------------------------------------------------- 
% Symbol                  % DESCRIPTION                      UNITS 
% System         
         
P    = 78000;    % Operating pressure of the system               [Pa] 
V    = 0.0053;   % Volumetric flow rate through the bed           [m^3/s] 
T    = 295;      % Temperature of the system                      [K] 
R    = 8.3143;   % Gas constant                                   [J/molK] 
 
% Adsorbent properties 
 
rho  = 473;      % Adsorbent bulk density                         [kg/m^3] 
void = 0.40;     % Voidage                                        [-] 
A    = 0.0468;   % Bed area                                       [m^2] 
L    = 0.068;    % Bed Length                                     [m] 
 
% Adsorption parameters 
 
qao  = 0;        % Initial value of q in the bed                  [mol/kg] 
Kldf = 0.00025;  % Mass transfer coefficient                      [1/s] 
pia  = 71.68;    % Partial pressure of IPA into bed section 1     [Pa] 
piw  = 1732.5;   % Partial pressure of water into bed section 1   [Pa] 
p0w  = 3150;     % Saturated vapour pressure of water             [Pa]   
N    = 70;       % Number bed sections 
 
%Isotherm Parameters 
 
b0   = 2.86e11;  % Toth parameter                                 [Pa^t] 
qm   = 6.6;      % Monolayer capacity                             [mol/kg] 
ti   = 0.935;    % Toth parameters  
Ha   = 59518;    % Heat of adsorption                             [J/mol]                             
qmw = 27.77;     % Monolayer capacity for water                   [mol/kg] 
   
%-------------------------------------------------------------------------- 
  
y0 = zeros(1, 4*N); 
  
%-------------------------------------------------------------------------- 
  
% ODE SOLVER 
  
[t,y] = ode23s('IPAwaterBreakthroughmodelAC', [0 250000], y0); 
  
%-------------------------------------------------------------------------- 
  
% Graphs 
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time = t; 
subplot(2,1,1); % 2 rows, 2 columns , portion of the window to draw the 
plot 
plot(time,y(:,(N*3)),'k','LineWidth',2,... 
'MarkerFaceColor','k'); grid on; 
axis([0 85000 0 1575]); 
xlabel('time [s]'); ylabel('water partial pressure [Pa]'); 
            
subplot(2,1,2);  
plot(time,y(:,N),'-k','LineWidth',2,... 
'MarkerFaceColor','k'); grid on; 
axis([0 95000 0 150]); 
xlabel('time [s]'); ylabel('IPA partial pressure [Pa]'); 
  
  
%-------------------------------------------------------------------------- 
  
  
  
 
 
